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Abstract 
This thesis describes to solve the problem of higher power generation of 
Brillouin fiber lasers (BFLs), to measure their linewidth as a challenging issue and 
to generate multiwavelength Brillouin fiber laser (MBFL) sources as an 
application of BFL generation in the both linear and ring cavities. By using the 
proposed ring cavity with the same components used in the conventional ring 
cavities, a new Brillouin fiber ring laser (BFRL) with higher output power has 
been generated. The proposed BFRL configuration shows an output peak power of 
-0.5 dBm, which is 5.7 dB higher compared to the conventional configuration. In 
the proposed linear cavity, BFL configuration has been demonstrated by 
incorporating a 3-dB coupler, a 95/5 coupler, two optical circulators, and a 25 km 
SMF that allows very high conversation efficiency from the Brillouin pump (BP) 
to the BFL compared with the conventional linear cavity BFL. Stable BFL 
operation was obtained at an up-shifted wavelength of 0.086 nm from the pump 
wavelength with the BFL peak power at -1 dBm, which is 12.3 dB higher than the 
conventional BFL with the same BP power 13 dBm, due to the reduced cavity loss 
in the proposed configuration.  
In the MBFL generation, more than 14 and 9 BFL lines are demonstrated 
in the ring and linear cavities, respectively. In the ring cavity, the both wavelength 
spacing 0.08 nm (~10 GHz) and 0.16 nm (~20 GHz) are obtained with the bi-
directional multi-wavelength generation whereas in the linear cavity only the 
wavelength spacing 0.08 nm (~10 GHz) is obtained. The used BP powers are 
about 14 dBm and 11.7 dBm in respectively the ring and linear MBFL generation. 
By using a Bismuth Erbium doped fiber amplifier (Bi-EDFA) in the linear BFL 
cavity, multiwavelength Brillouin Erbium fiber laser (MBEFL) has been 
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demonstrated in the L band wavelength region (1565-1625 nm). The generated 
MBEFL has more number of lines (~50 lines) in comparision with the MBFL by 
using the Bi-EDFA pumped bidirectionaly with two EDFA pump power 125 mW 
and Brillouin pump power 5 dBm. The MBEFL generation is limited to the Bi-
EDFA operational wavelength region (1525-1625 nm) although it is extended to L 
band region by using Bi-EDFA in comparison with the traditional MBEFL which 
can be generated only in the C band wavelength region (1525-1565 nm). In 
addition, multiwavelength Brillouin Raman fiber laser (MBRFL) is also generated 
by using a Raman amplifier in a BFL cavity with a 25 km single-mode fiber as the 
nonlinear gain medium. The second and the third Brillouin stoke waves are 
obtained by using the Raman pump power 150 mW and Brillouin pump 5.5 dBm 
at the BP wavelength 1568 nm. The anti-Stokes line is also produced due to four-
wave mixing phenomenon. The number of MBRFL lines can be increased by 
using higher Raman pump power in addition to an optical fiber with the higher 
Raman gain such as dispersion compensating fiber (DCF). 
 As a high coherent light source with ultranarrow linewidth, Brillouin fiber 
lasers have been used in many applications especially in microwave generation, 
gyroscopes. BFL linewidth measurement has also been a challenging research due 
to the ultranarrow BFL linewidth. In this work, the BFL linewidth has been 
measured 8 Hz and 24 Hz by using BP linewidth 15 MHz and 124 MHz, 
respectively. This measurement has been done by the heterodyne method between 
two independent BFLs. The measured BFL linewidth values are in the range a few 
hertz as expected from the most of the last reports. 
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Abstrak 
Tesis ini menerangkan tentang penyelesaian masalah mengenai  kuasa tinggi 
dalam pembentukan Laser Gentian Optik Brillouin (BFL), untuk mengukur lebar 
garis dan juga untuk membentuk (MBFL) adalah aplikasi dari pembentukan BFL 
di dalam semua rongga iaitu rongga linear dan rongga membulat. Dengan 
mencadangkan rongga membulat yang menggunakan komponen yang sama seperti 
konvesional rongga membulat, satu Laser Gentian Optik Brillouin Berongga 
Membulat (BFRL) yang baru dengan kuasa keluaran yang tinggi telah terhasil. 
Konfigurasi cadangan BFRL menunjukkan kuasa puncak keluaran berjumlah -
0.5dBm, dengan berbezaan 5.7dB lebih tinggi dari konventional konfigurasi. Di 
dalam candangan rongga linear, BFL telah ditunjukan dengan menggabungkan 
satu 3-dB penyatu, satu 95/5 penyatu, dua pemusing cahaya dan 25km Gentian 
Optic Mode Tunggal (SMF) yang membenarkan kecekapan penukaran yang tinggi 
daripada Pengepam Brillouin (BP) kepada BFL berbanding dengan konventional 
BFL berongga linear. BFL dengan operasi yang stabil telah dicapai pada satu 
perpindahan atas panjang gelombang 0.086nm dari pengepam panjang gelombang 
dengan BFL kuasa puncak pada -1dBm, iaitu 12.3dB lebih tinggi dari 
konventional BFL dengan kuasa BP yang sama iaitu 13dBm, disebabkan oleh 
pengurangan penghilang rongga dalam konfigurasi yang dicadangkan. 
 Di dalam pembentukan MBFL, lebih daripada 14 dan 9 BFL telah 
ditunjukkan di dalam ronga membulat dan rongga linear masing-masing. Di dalam 
rongga membulat kedua-dua jarak panjang gelombang 0.08nm (~10Ghz) and 
0.16nm (~20GHz) telah diperolehi dengan pembentukan pelbagai panjang 
gelombang dwi-arah sementara di dalam rongga linear hanya jarak panjang 
gelombang 0.08nm (~10GHz) terhasil. Penggunaan BP adalah kira-kira 14dBm 
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and 11.7dBm masing-masing di dalam rongga membulat dan rongga linear MBFL. 
Dengan menggunakan Penguat Gentian Optik berdop Bismuth (Bi-EDFA) di 
dalam BFL berongga linear, Laser Gentian Optik dengan Pelbagai Panjang 
Gelombang Erbium-Brillouin (MBEFL) telah ditunjukkan dalam kawasan panjang 
gelombang rantau L (1565-1625nm). Pembentukan MBEFL mempunyai bilangan 
garis (~50 lines) jika dibandingkan dengan MBFL yang menggunakan Bi-EDFA 
yang telah dipam secara dwi-hala dengan dua kuasa pengepam EDFA iaitu 
125mW dan kuasa pump Brillouin 5dBm. Pembentukan MBFL di hadkan oleh 
kawasan operasi panjang gelombang Bi-EDFA (1525-1625nm) walaupun ianya 
dipanjangkan kepada kawasan ratau L dengan menggunakan Bi-EDFA dalam 
membezakan dengan tradisional MBEFL yang mana boleh menghasilkan hanya 
pada  panjang gelombang rantau C (1525-1565nm). Sebagai tambahan, Laser 
Gentian Optik pelbagai gelombang Raman Brillouin (MBRFL) juga terhasil 
dengan menggunakan penguat Raman di dalam rongga BFL dengan 25km SMF 
digunakan sebagai medium tak linear. Gelombang Brillouin Stokes kedua dan 
ketiga telah terhasil dengan menggunakan kuasa pengepam raman 150mW dan 
pengepam Brillouin 5.5dBm pada panjang gelombang BP 1568nm. Garis anti 
Stokes juga terhasil disebabkan oleh fenomena campuran empat gelombang. 
Bilangan garis MBRFL boleh ditingkatkan dengan menggunkan pengepam Raman 
berkuasa tinggi dan tambahan gentian optik dengan gandaan Raman yang tinggi 
seperti gentian optik penggantian penyelerakkan (DCF) 
 Sebagai sumber cahaya koheran dengan  lebar garis ultra sempit, BFL telah 
digunakan di dalam banyak aplikasi terutamanya di dalam pembentukan 
gelombang mikro, gyroscopes dan MBFL. Pengukuran lebar garis BFL juga amat 
mencabar disebabkan oleh lebar garis BFL yang ultra sempit. Di dalam kerja ini, 
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lebar garis BFL telah diukur iaitu 8Hz dan 24Hz dengan menggunakan 15MHz 
dan 124MHz BP lebar garis. Pengukuran telah dibuat dengan menggunakan 
kaedah heterodyne di antara dua BFLS bebas.Nilai pengukuran lebar garis BFL 
adalah di dalam julat hertz seperti di dalam laporan yang lepas. 
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Acronyms 
Throughout this work, some jargons are used to avoid the repeated 
unnecessary some group of words. Although, each acronym is usually defined the 
first time it appears in a chapter, here a list of acronyms are presented to help the 
readers. 
 
Aeff  Effective Area 
AOM  Acousto Optical Modulator 
BEFL(s) Brillouin Erbium Fiber Laser(s) 
BFL(s)  Brillouin Fiber Laser(s) 
Bi-EDF Bismuth-Based Erbium Doped Fiber 
Bi-EDFA Bismuth-Based Erbium Doped Fiber Amplifier 
BP  Brillouin Pump 
BPRS  Brillouin Pump Rayleigh Scattering 
BRFL(s) Brillouin Raman Fiber Laser(s) 
BS  Brillouin Stokes 
CPM  Cross-Phase Modulation 
CW  Continuous Wave 
DCF  Dispersion Compensating Fiber 
DFBL(s) Distributed Feedback Laser(s) 
DSF  Dispersion Shifted Fiber 
DWDM Dense Wavelength Division Multiplexing 
EDF(s) Erbium Doped Fiber(s) 
EDFA(s) Erbium Doped Fiber Amplifier(s) 
FBG  Fiber Bragg Grating 
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FSR   Free Spectral Range 
FWHM Full Width At Half Maximum 
FWM  Four-Wave Mixing 
Leff  Effective Length 
LO  Local Oscillator 
LS  Laser Source 
MBEFL(s)   Multiwavelength BEFL(s) 
MBFL(s)   Multiwavelength BFL(s) 
MBRFL(s) Multiwavelength BRFL(s) 
MCVD Modified Chemical Vapor Deposition 
MFR  Mode Field Radius 
OC  Optical Circulator 
OSA  Optical Spectrum Analyzer 
PD  Photodiode 
Pth  Threshold Power 
RF  Radio Frequency 
RFSA  Radio Frequency Spectrum Analyzer 
RS  Raman Stokes 
RP  Raman Pump 
SBS  Stimulated Brillouin Scattering 
SBSTR Stimulated Brillouin Scattering Threshold Reduction 
SMF  Single-Mode Fiber 
SMSR  Side-Mode Supprestion Ratio 
SNR  Signal to Noise Ratio 
SOA  Semiconductor Optical Amplifier 
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SPM  Self-Phase Modulation 
SVEA  Slowly Varying Envelope Approximation 
TDM  Time-Division Multiplexing  
TLS  Tunable Laser Source 
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Chapter 1:  
Introduction 
1.1 Introduction 
 The interaction of light with matter can be observed in almost every aspect of 
life, ranging from scattering in optical communications to data processing, laser 
eye surgery and so on and so forth. Therefore, the interaction of light has many 
advantages and disadvantages to a system, depending on the nature of the 
interaction. In some cases, the interaction leads to a loss in performance, such as 
signal loss and signal disruptions (especially in telecommunications systems), 
while at the same time, the interaction may be beneficial, such as in the case of 
Stimulated Brillouin Scattering (SBS) or Stimulated Raman Scattering (SRS) for 
multiwavelength sources.  
 The terms interaction of light has many meanings. In fiber optics, the 
interaction of light refers to the interaction of the photons in the travelling beam 
with the atoms and molecules that make up the optical fiber (be they part of the 
optical fiber composition or merely impurities). In a simple description, light will 
interact with the atoms and molecules, setting the electrons or even the whole 
atom into oscillations at relatively low amplitudes as simple harmonic oscillators. 
At this point, the interaction between the light photons and the constituent atoms 
of the fiber material is linear and can thus be easily predicted. However, if these 
oscillations are pushed further (in a sense the oscillations are overdriven) the 
physical oscillating system will now exhibit a nonlinear response and no longer be 
predictable.  
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 Initially, studies of the interaction of light with other materials were limited to 
fairly linear reactions due to the availability of only low intensity light fields. This 
issue was soon resolved with the introduction of lasers and subsequently laser 
diode systems, thus making it possible to obtain a beam with high field intensity. 
With the restriction of the low field intensity now removed a number of interesting 
effects, which had previously been negligible due to the low intensity fields, were 
quickly observed. These effects, known as nonlinear optical phenomenon, exhibit 
a nonlinear dependence on the incident field strength. Nonlinear optical 
phenomenon is especially evident in optical fibers, where the intensities are high 
due to the small cross-sectional area involved (as compared to the more modest 
intensity levels in other materials). As a result of this, nonlinear optical 
phenomenon occurs effectively in optical fibers even though they often do not 
possess a large nonlinear coefficient. Despite this fact, long interaction distances 
of light propagation are often needed to achieve nonlinear mixing of any 
significance so that nonlinear processes can be phase matched or nearly so to 
allow the signal ,generated by the nonlinear effects, grow to appreciable levels. In 
1979, the progress in fiber fabrication technology resulted in producing low loss 
fibers in which the loss level limited effectively by the fundamentals loss of 
Rayleigh scattering of about 0.2 dB/km in the 1550 nm region [1]. This caused a 
revolution in optical fiber communication and nonlinear fiber optics which was 
started before by the study of stimulated Raman scattering (SRS) and stimulated 
Brillouin scattering (SBS) [2], [3], [4]. Then, SRS and SBS were used for 
generating Raman and Brillouin amplifiers, as well as Raman and Brillouin fiber 
lasers [5],[6],[7],[8].  In 1990s, a new aspect in the field of nonlinear fiber optics 
was obtained when optical fibers were doped with rare-earth elements. As a result, 
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these fibers have improved the performance of optical fiber amplifiers and fiber 
lasers [9],[10],[11]. Erbium doped fiber amplifiers (EDFAs) attractted most of 
attention due to their operational wavelength region near 1550 nm which is 
suitable for fiber-optics communication systems [12]. The use of EDFAs led to a 
revolution in the design of multiwavelength optical systems [13],[14],[15]. At the 
same time, fiber gratings were developed so that they became an important part of 
lightwave technology systems [16],[17]. New fibers such as photonic crystal 
fibers, holey fibers, highly nonlinear fibers, and dispersion compensating fibers 
were studied and developed. In these fibers, dispersion and nonlinear properties 
are changed. That is, zero dispersion wavelength shifts toward the visible region 
and the nonlinear effects are enhanced due to their relatively small core size 
[18],[19],[20],[21]. Raman amplifiers based on stimulated Raman scattering has 
progressively become a quite common area in modern optical fiber 
communication systems [22]. In addition, fiber optic parametric amplifiers based 
on four-wave mixing (FWM) also been attractive due to their potential for ultrafast 
signal processing [23]. Even though EDFAs working only near 1550 nm region, 
Raman and parametric amplifiers can operate in any special region without using 
any doped fiber when the appropriate pump are provided. All in all, nonlinear 
fiber optics has grown considerably and it is expected to continue as an effective 
research area in the future. 
  In this thesis, after discussing about Brillouin fiber laser (BFL) and its 
performance, we pay our attention to multiwavelength BFLs (MBFLs) generation. 
Then, multiwavelength Brillouin Erbium fiber lasers (MBEFLs) will be 
investigated by using Bismuth based EDFA. Finally, we will consider the 
generation of multiwavelength Brillouin Raman fiber lasers (MBRFLs). 
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Therefore, here, after presenting an introduction about stimulated Brillouin 
scattering (SBS) and BFLs, we review the generation of MBFLs, MBEFLs, and 
MBRFLs which are useful in WDM and DWDM systems in optical 
communications. 
 
1.2 Stimulate Brillouin Scattering (SBS) and its Applications 
 Material absorption and Rayleigh scattering are the main loss factors in optical 
fibers. The latter factor contributes most of the loss in optical fibers and arises 
from local density fluctuations of silica frozen into the fused silica during a silica 
fiber manufacturing process. The density fluctuations results in local fluctuations 
of the refractive index on a scale smaller than the optical wavelength. In Rayleigh 
scattering which is an elastic scattering, the frequency of scattered light is the 
same as the frequency of the incident light [24],[25]. On the other hand, there are 
inelastic scatterings such as Brillouin scattering, and Raman scattering in which 
the frequency of the scattered light is shifted downward [26]. Both can be 
understood in a simple quantum picture as the conversion of an incident photon 
belonging to pump wave to a lower-frequency scattered photon related to the 
Stokes wave such that the energy difference appears in the form of a phonon to 
conserve the energy and the momentum. When the phonon of right energy and 
momentum is available, a higher-energy photon at the so-called anti-Stokes 
frequency wave can also be observed. The main difference between Brillouin and 
Raman scattering is that acoustic phonons relating to moving grating participate in 
Brillouin scattering whereas optical phonons relating to vibrations of silica 
molecules participate in Raman scattering. The difference in the type of phonons 
causes a fundamental difference; Brillouin scattering occurs in the backward 
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direction in optical fibers whereas Raman scattering can occur in the both 
directions. Although theses nonlinear inelastic scattering processes result in a loss 
of power at the incident frequency, their loss are negligible at low incident power 
levels due to their small cross sections. However, they become stimulated at high 
power levels for incident light and the nonlinear phenomena of stimulated 
Brillouin scattering (SBS) and stimulated Raman scattering (SRS) will be resulted. 
 Historically, in 1918, the first theoretical study of the Brillouin light 
scattering was done by Mandelstam by supposing thermal phonons related to 
vibrations of the medium molecules by the acoustic waves, however, 
Mandelstam‟s paper was published only in 1926 [27], [28], [29]. Independently, L. 
Brillouin predicted light scattering from thermally excited acoustic waves in 1922 
[30]. Later Brillouin‟s prediction is confirmed experimentally by E. Gross in 
liquids and crystals in 1930 [31], [32]. When the interference between pump light 
and the back scattered downshifted light (Stokes wave) reinforces the acoustic 
waves another phenomenon known as SBS occurs. However, this was observed 
after the invention of lasers in 1964 [33]. On the other hand, in 1928, the Indian 
physicist C. V. Raman reported that a small fraction of power can be transferred 
from one optical field to another field whose frequency is downshifted by an exact 
amount determined by the vibrational mode of the medium [34]. For this 
discovery of the effect that bears his name and for his work on scattering, C. V. 
Raman was awarded the Nobel prize in 1930. In 1962, it is showed that for the 
intense fields as the Raman pump, the Raman scattered wave, or Raman Stoks, 
grows rapidly inside the medium such that most of the Raman pump energy is 
transferred to the Raman Stokes; this phenomenon is called SRS [35]. Then, SRS 
has been studied extensively in a variety of molecular media [26].  
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SBS and SRS can be detrimental in lightwave systems and can 
considerably affect the performance of the systems. They can generate Brillouin 
and Raman Stokes wave in the expense of depleting a light pump. They can cause 
Brillouin and Raman induced crosstalk effects in a multiwavelength 
communication systems. The reason is that a short-wavelength channel can act as 
a Brillouin or Raman pump and thus transfer part of its power to the neighboring 
longer wavelength channel depending on the appropriate wavelength difference 
between the channels (about 11 GHz for Brillouin and about 13 THz for Raman 
crosstalk in the 1550 nm region in silica fibers). In addition, the nonlinear 
Brillouin gain bandwidth is about 20 MHz extremely narrow compared with the 
Raman gain bandwidth of about 5 THz. In other words, the channel spacing must 
match almost exactly the Brillouin shift of about 11 GHz in the 1550 nm region in 
silica fiber and the two channels must be counterpropagating for Brillouin-induced 
crosstalk to occur. Thus, Brillouin crosstalk in contrast with the case of Raman 
crosstalk can be easily avoided with the proper design of multiwavelength 
communication systems [36], [37]. Although SBS in the form of Brillouin-induced 
crosstalk cannot affect channels propagating in the same direction, SBS limits the 
channel transmitted powers. This is due to the fact that SBS threshold power is 
very low in comparison with SRS threshold power. This condition is independent 
of the presence and the number of other channels. Therefore no more power can be 
transmitted through an optical fiber once the power of each channel reaches the 
Brillouin threshold power which is a few milliwatts in practice. Several schemes 
have been applied for raising the Brillouin threshold power relying on the 
increasing of the Brillouin gain bandwidth or the spectral width of the optical 
carrier wave [38], [39].       
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On the other hand, both SBS and SRS can be used to advantage. For 
example, they can be used to amplify an optical signal by transferring energy to it 
from a pump beam, whose wavelength is suitably chosen [22], [40]. Indeed SRS is 
especially useful for amplification because the Raman gain has an extremely large 
bandwidth. After year 2000, Raman amplifiers are used routinely in modern 
optical fiber systems [41-45]. SBS can also be used to make fiber sensors for 
measuring temperature and strain changes over a relatively long distance. The 
basic idea behind this usage is the dependence of the Brillouin shift to the effective 
index of the fiber mode which changes whenever the refractive index changes in 
response to the local environment variations such as temperature and pressure 
[46],[47],[48]. One of the most interesting applications of SBS is Billouin fiber 
lasers which have been an active topic of study and research since it was proposed 
as early as 1976 [8] ,[11],[49],[50],[51]. In these lasers, the nonlinear Brillouin 
gain in an optical fiber is used by placing the fiber as a gain medium inside a 
cavity. Although fiber lasers can also be obtained by any optical fibers doped with 
rare-earth elements as erbium [52], and ytterbium [53], fiber lasers generated in 
this method are operated only in a special wavelength region governed by optical 
doped fiber characteristics. For example, erbium-doped fiber lasers can work near 
1550 nm region and this makes such lasers suitable in commercial band at 
wavelength 1550 nm for some applications as optical communication, ultrafast 
phenomena, and fiber-based sensors. In addition, due to some interesting aspects 
as the low intensity noise, low frequency noise and movable focusing, fiber lasers 
have been used in a variety of applications such as microwave photonics, 
spectroscopy, coherent optical communications, coherent lidar detection, 
interferometric sensing material processing, and medicine [54-58]. However, due 
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to the fact that BFLs can be generated in any wavelength by using the nonlinear 
Brillouin gain, and due to their extremely narrow linewidth which could be a few 
Hz [51], [59], [60], BFLs have attracted additional interests for a number of other 
applications such as optical communication, ultrafast phenomena, and fiber-based 
optical sensors and gyroscopes [61]. The key aspects of BFLs for most 
applications are their very high coherency, low threshold, and high efficiency in 
addition to the directional sensitivity of the Brillouin gain. Among all the 
applications, the generation of multiple lasing wavelengths by cascading SBS 
process is becoming very important especially in wavelength-division-
multiplexing transmission and sensor applications.  
 
1.3 Brillouin Fiber Lasers (BFLs)  
Fiber lasers are usually lasers which uses optical fibers as the gain media in 
optical resonators. Fiber Lasers have their specific features making them different 
from standard lasers with inverted population media. First of all, a fiber laser is 
pumped by another laser known as a pump with a spectral selection of radiation. 
As mentioned before, the gain medium can be a fiber doped with rare-earth ions 
such as Erbium (Er
3+
), Neodymium (Nd
3+
), Praseodymium (Pr
3+
) Thulium (Tm
3+
), 
and Yetterbium (Yb
3+
) pumped by some laser diodes to generate linear gain media 
in these fibers. In this method, different types of dopants in different host materials 
such as silica and fluoride give different physical characteristic in the laser 
systems. However, we can use the nonlinear Brillouin and Raman gain to produce 
Brillouin and Raman fiber lasers, respectively, which can be generated at any 
wavelength depending on the availability of the Brillouin and Raman pump. In 
BFL generation, for example, the quantity of major importance is called the 
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Brillouin shift, which is the difference in the BFL and Brillouin pump (BP) 
frequencies, rather than the BFL and the BP frequencies. 
For BFL oscillation, closed –loop gain must exceed unity so that Brillouin 
amplification must over-compensate the cavity loss. By adding a proper feedback 
to a SBS system in the form of a Fabry-Perot (linear) cavity or a ring cavity, the 
BFL oscillation happens in the condition that the BP power exceeds a certain 
power called the SBS threshold power. The BFL will operate at a frequency which 
is separated from the BP frequency by the Brillouin shift due to the Doppler effect 
in the backward BP inelastic scattering through moving grating generated in 
electrostriction phenomenon. In this thesis, we use a 25 km single mode fiber as 
the nonlinear gain medium, in addition to optical circulators and optical couplers 
to produce the Fabry-Perot (linear) cavity and the ring cavity configurations 
[51],[62-65]. By using linear cavities, it is easier to generate multiple lasing 
wavelengths due to the feature of the standing wave generation in them. Higher 
order Stokes waves are generated through cascaded SBS which is a process in 
which each successive Stokes line is a pump to generate the next-order Stokes line 
after its power reaches the next-order Stokes threshold power. At the same time, 
anti-Stokes lines are generated through another process called FWM between the 
copropagating BP and the Stokes waves. The collection of the transmitted BP, the 
Stokes and the anti-Stokes waves all together generate the multiple lasing 
wavelengths in a linear cavity [51], [66]. On the other hand, in a ring cavity, even-
order Stokes and anti-Stokes lines are observed with the transmitted BP in the 
forward direction in which they copropagate with the BP whereas odd-order 
Stokes and anti-Stokes line appears in the backward direction in comparison to BP 
due to the counterpropagating feature of SBS process and the unidirectional aspect 
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of the ring cavity [63]. The generated multiple lasing wavelengths have been 
advantageously utilized in the past few years in optical fiber sensors, optical 
component testing, and spectroscopy applications [67],[68]. Perhaps the largest 
interest has arisen from the use of multiple lasing wavelengths in wavelength 
division multiplexing (WDM) and dense WDM (DWDM) optical transmission 
systems.  
1.4 The Generation of Multiple Lasing Wavelengths   
Instead of transmitting data at lower rates over multiple fibers, we can transmit 
them at higher rates over a single fiber using channel multiplexing technique 
which increases the transmission capacity.  One of the primary concerns in optical 
transmission systems is the ultimate transmission capacity which is critically 
depended on the temporal and spectral characteristics of light. This dependence 
can result basically in time-division multiplexing (TDM) and wavelength-division 
multiplexing (WDM) techniques. The simultaneous use of TDM and WDM is 
always critically affected by the uncertainty principle in the fundamental physics. 
In addition, there are some inherent physical limitations in using TDM and WDM 
techniques. For example, it is known that the effects of the chromatic and the 
polarization-mode dispersion are the primary limiting factors in the TDM optical 
transmission systems whereas ,in the WDM systems, nonlinear effects such as 
self-phase modulation, cross-phase modulation, SBS, SRS, FWM, parametric 
generation, and photorefractive effects can be degenerative factors [69]. In the 
TDM system, the maximum bit rate is theoretically limited to below 10 Gb/s for 
long distance transmission of 100 km by the chromatic dispersion effect although 
this limitation is reported to increase up to 1 Tb/s by using dispersion 
compensating fibers and management technology [70]. In WDM systems, 
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however, the maximum capacity could be readily obtained with low channel bit 
rates but with dense WDM (DWDM) rather than high bit rates per channel in a 
less dense scheme. Although each of N channels is a laser line carrying data at 
lower rates, the aggregate multiwavelength laser of N lines is transmitting data at 
N times the individual laser line so that there is an enhancement in the transmitting 
capacity; the lower data rate of each channel also reduces not only the dispersion 
but also other degrading effects in an optical transmission system [71]. Early 
WDM, known as wideband WDM, began using the two widely spaced 
wavelengths in the 1310 nm and 1550 nm. Then, In the early 1990s, the second 
generation of WDM, called narrow-band WDM, was introduced by using two to 
eight wavelengths spaced at an interval of about 400 GHz in the commercial band 
1550 nm region [72]. In the middle of 1990s, DWDM systems with 16 to 40 
wavelength spaced from 100 to 200 GHz were generated. Currently, 160 and 357 
parallel channels densely packed at 10 GHz spacing are generated by using 
uniform Brillouin Stokes line with EDFA and Raman amplification, respectively 
[73],[74]. Nowadays, by using some multimedia applications such as interactive 
TV, video conferencing and by using internet, the need for having higher carrying 
capacity is unprecedented. In fact, this is a reason for introducing higher capacity 
DWDM systems in which a transmitter and a DWDM filter module must provide 
some requirements such as the number of wavelengths with precise wavelength 
spacing between them, very narrow bandwidth for each of the wavelengths, and 
extremely little drift due to environmental condition tolerance during the 
multiwavelength operation [75]. 
In general, several laser sources as transmitters are needed due to 
transmission of different wavelengths along a single fiber in an optical 
                                                                                                       Ch.1 Introduction 
 
 
12 
 
transmission system. One choice is a combination of several similar functional 
devices such as distributed feedback lasers (DFBLs) to form laser arrays. Besides, 
a modulator is usually external to the DFBLs especially when modulation rates are 
high. In this way, multiwavelength DFBLs arrays have been demonstrated in the 
1550 nm region [76],[77],[78]. Despite of using DFBLs in optical transmission 
systems due to their excellent side-mode suppression, and their compactness, as a 
kind of semiconductor lasers, DFBLs are sensitive to back reflections and 
temperature which cause fluctuation in their output power and their operational 
wavelength [79]. In comparison with semiconductor lasers, fiber lasers have many 
benefits such as a wide range of operation wavelength, broad tunability, high 
quantum efficiency, large output power and stability with fiber optics devices 
[80],[81]. In addition, since fiber lasers can be generated by all fiber components, 
they are flexible in design without using special requirements such as a clean 
room, gas systems, and optical tables which are important for laser diode 
fabrications and main frame lasers.  
 Several researches have been done by using Erbium doped fiber lasers 
(EDFLs) to produce multiple wavelengths with constant wavelength spacings. In 
an approach, EDF were cooled by liquid nitrogen to reduce the homogenous 
linewidth, to minimize cross-gain saturation effects, to narrow the line spacing 
between consecutive lines, and to prevent mode competition between the adjacent 
laser lines [82]. Inhomogeneous broadening has also been achieved by the use of 
twin-core EDF to produce triple frequency EDFs [83]. Single mode operation of a 
compact multiwavelength Erbium-Yetterbium fiber lasers have generated up to 29 
wavelengths in a simple Fabry-Perot design [84]. A high birefringence fiber loop 
mirror has also been used to adjust the operation wavelength and channel spacing 
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[85]. As another method, a multiple-quantum-well waveguide as an equivalent 
reflector has been employed to enhance the polarization hole burning of laser and 
to achieve Eleven wavelength with the spacing 0.08 nm using EDFs [86]. On the 
other hand, a group of laser lines, known as MBFLs, can be generated from 
Brillouin Stokes as a seed signal by using nonlinear Brillouin gain in an optical 
fiber. All Stokes waves are generated through cascaded SBS, which is a process in 
which each successive Stokes wave pumps the next-order Stokes wave after its 
power becomes large enough to satisfy the Brillouin threshold condition. At the 
same time, anti-Stokes waves are generated through FWM between copropagating 
pump and Stokes waves. After the oscillation of each Stokes, there will be the 
group of BFLs that generate MBFLs. The number of BFL lines depends on the 
Brillouin pump power. Another fiber laser is the hybrid of Brillouin Erbium fiber 
laser (BEFL) which manipulates narrow bandwidth of nonlinear Brillouin gain in 
an optical fiber with the linear gain from EDF to yield laser sources with the 
properties of BFL and the large output power from EDFA [87]. BEFLs are capable 
of generating optical combs, which is also known as MBEFLs, with line spacing 
10 GHz at room temperature due to the Brillouin Stokes-shifted frequency from 
the injected Brillouin pump. Such combs with higher number of lines in 
comparison with MBFLs have been used as sources for DWDM systems [88], 
[89],[90],[91]. Bidirectional MBEFL was also demonstrated by using two identical 
EDFA and a single-mode fiber [92],[93]. Bismuth-based erbium doped fiber (Bi-
EDF) was firstly used in compact optical amplifiers with short gain medium 
lengths and it is showed that Bi-EDF can extend the operational wavelength region 
of EDFA from 1600 nm region to 1610 nm region and its gain is higher than EDF 
[94]. In this work, it is showed that we can also generate MBEFLs by using Bi-
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EDF and a 55 line MBEFL has been demonstrated by using bidirectional EDFA 
with two EDFA pump each of about 21 dBm (130 mW) and the Brillouin pump 
3.5 dBm [95]. By using a semiconductor optical amplifier (SOA) instead of 
EDFA, multiwavelength operation of a hybrid Brillouin-semiconductor fiber laser 
(BSFL) has also been demonstrated. Firstly, the advantage of using a SOA instead 
of an EDFA is the possibility of multiwavelength generation in any wavelength 
band where SOA is available and EDFA cannot work, for example 1300 nm or 
1650 nm. Secondly, SOA can work over a wide wavelength range using the same 
amplifying medium as well as the entire used components [96]. However, the 
number of lines is a few in multiwavelength BSFLs. 
The other approach in the generation of multiple lasing wavelengths is 
multiwavelength Brillouin Raman fiber lasers (MBRFLs) in which a Raman 
amplifier is used to increase the number of Brillouin Stokes. Since the Raman 
amplification has a wide gain bandwidth, the number of lines is higher in 
MBRFLs compared to its counterpart MBEFLs. However, the optical pump power 
required in Raman amplification is significantly higher than that in EDFA. This 
was the reason that MBRFLs were not used in the early optical systems. Now, 
with the improvement of pump laser technology, Raman amplification is an 
important tool of expanding span transmission range and transmission capacity in 
optical systems. MBRFLs require a relatively long nonlinear fiber owing to the 
nature of Raman amplification. Compared with hybrid MBEFLs, MBRFls have 
more remarkable advantages such as room-temperature stable operation and 
extremely broad band operational wavelengths as long as Raman pump lasers at 
the corresponding wavelength are available [97],[98],[99],[100]. Although 
MBRFLs have some advantages in comparison with MBEFLs, the stability of 
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MBRFL outputs are unsatisfactory due to unstable mode hopping observed from 
the given spectra in some experiments [100],[101]. Moreover, the output peak 
power of MBRFL lines is less than -15 dBm even though Raman pump power is 
more than 300 mW in somewhat complicated configuration [100]. This problem 
has also observed in the MBEFL generation. Considering these problems and the 
limitation in the workable wavelength region of MBEFL due to EDFA wavelength 
limitation, MBFL generation has been considered in this thesis since MBFLs 
manipulate only nonlinear Brillouin gain in optical fibers. As soon as the Brillouin 
pump source is provided, MBFLs can be generated in a simpler configuration in 
comparison to the configurations used in the generation of MBEFLs and 
MBRFLs.  
 In this thesis, after discussing about Brillouin fiber laser (BFL) and its 
performance, we pay our attention to multiwavelength BFLs (MBFLs) generation. 
Then, multiwavelength Brillouin Erbium fiber lasers (MBEFLs) will be 
investigated by using Bismuth based EDFA. Finally, we will consider the 
generation of multiwavelength Brillouin Raman fiber lasers (MBRFLs). 
 
1.5 Objective of This Thesis   
The objective of this research is to investigate the characteristics of 
MBFLs, MBEFLs, and MBRFLs which have numerous applications such DWDM 
systems in optical communications. Although, there are a lot of reported 
researches about MBEFLs and MBRFLs in which some EDFA pumps and high 
power Raman pumps are used, the number of lines in some of the reported works 
is a few and the generated comb is not flat [91], [102] ,[101]. Therefore, this work 
is firstly focused on improving energy conversion in BFL generation. It will be 
                                                                                                       Ch.1 Introduction 
 
 
16 
 
shown that the generation of BFL peak power higher than the transmitted Brillouin 
laser pump is possible by using only a 25 km single-mode fiber in a Fabry-Perot 
cavity [51]. In fact, this possibility provides higher Brillouin pump energy 
conversion that has not been observed before in the BFL systems. In addition, this 
work also aims to determine the BFL linewidth which has been a challenge. 
Although different values have been reported for BFL linewidth by using different 
Brillouin laser pumps, most of them are in the range of a few hertz and some 
measurement have been failed due to the resolution limitations of the radio 
frequency spectrum analyzer as it has been mentioned in the reports [51], [59]. In 
this thesis, BFL linewidth is measured at 8 Hz and 24 Hz by using the BP 
linewidth 15 MHz and 124 MHz, respectively [60]. As an application of the BFL 
generation, the generation of MBFLs will be demonstrated by using simple linear 
and ring cavities. In this work, we will be demonstrated 14 and 8 lines of MBFLs 
by using 14 dBm and 11.7 dBm BP power in the ring and linear cavities, 
respectively [63], [66]. As long as a suitable BP is used, MBFLs can be generated 
at any wavelength using a simple configuration. The generated MBFL has more 
number of lines and better flatness compared to some reported MBEFLs 
previously mentioned. In order to increase number of lines, a Bismuth based 
EDFA (Bi-EDFA) and a Raman amplifier will be also used separately to generate 
MBEFLs and MBRFLs, respectively. More than 50 lines of MBEFLs will be 
generated by using the compact Bi-EDFA [98]. The generated MBEFLs can be 
generated in only C band (1525-1565 nm) and L band (1565-1625 nm) wavelength 
regions which is the operational wavelength region of the Bi-EDFA. Finally, 
MBRFLs will be presented to generate multiwavelength laser source at any 
wavelength. In the generated MBRFL, the first, the second and the third Brillouin 
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Stokes will be generated by using a 25 km single-mode fiber as the Raman and 
Brillouin gain medium and a Raman pump power 150 mW [103]. The number of 
lines in the MBRFLs can be more when a fiber with higher Raman gain such as 
DCF and a Raman pump with higher power will be available. Under different 
Raman pumping schemes, the reduction of the SBS threshold power is highest for 
the bi-directional Raman amplification and is the lowest for the backward Raman 
pumping scheme. In addition, the reduction of the SBS threshold with the increase 
of Raman gain will be studied. It will be observed that this decrease is much faster 
for bi-directional and forward pumping than backward pumping. However, the 
amount of reduction depends strongly and solely on the Raman gain, independent 
of Raman pumping scheme [104].  
 
1.6 The Research Methodology  
In this thesis, the generation of BFLs and MBFLs in both ring and linear 
cavities will be studied after a literature review about BFL generation. Then, by 
changing cavity parameters such as coupler ratios, component locations, and by 
using available components, new BFL cavity configuration will be demonstrated 
to generate higher power BFLs. As a challenging issue, the linewidth of BFLs will 
be measured and it will be compared with the measured BP linewidth.Then, by 
using optical amplifiers such as Bi-EDFA and Raman amplifiers, the behavior of 
MBFLs will be studied. 
  
1.7 Thesis Overview  
 This thesis consists of 6 main chapters. After reviewing the overall 
topics in the chapter 1, the theory of nonlinear optics will be discussed in the 
chapter 2 which leads to the theory of stimulated Brillouin scattering and the 
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description of BFL generation as effects in nonlinear optics. In the chapter 3, after 
an experimental review on SBS, the theory of MBFL generation and the 
experimental results of BFLs and MBFLs will be demonstrated in both ring and 
linear cavities. This chapter also contains the coherent detection and the linewidth 
measurement by homodyne and heterodyne methods. Then the experimental 
results on the linewidth measurement of a tunable laser source and a BFL will be 
mentioned by using another independent BFL in a heterodyne method. In the 
chapter 4, by using a Bi-EDF, MBEFLs will be generated in a linear cavity. The 
discussion and results of the MBEFLs will also be presented in the chapter 4. 
MBRFLs will be introduced in the chapter 5 by using only a single-mode fiber as 
the Raman and Brillouin gain medium. The thesis will be ended by the chapter 6 
as the conclusion chapter which summarizes all the researches done in this thesis.  
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 Chapter 2: 
 
The Theory of Brillouin Fiber Laser   
Generation 
 
2.1 Inrtoduction 
 In this chapter, after introducing principles of nonlinear optics, a short 
review of cubic nonlinear processes will be discussed. Then the theory of 
stimulated Brillouin scattering, and Brillouin fiber laser generation will be 
presented. The subjects and the equations in this chapter are based on the usage of 
some books and papers mentioned in the references especially Fundamentals of 
Optical Fibers [1], Nonlinear Optics [2], Nonlinear Optics: Basic Concepts [3], 
Nonlinear Optics [4], and Lasers [7].   
 
2.2  The Propagation of Light in both linear and nonlinear media  
The nonlinear phenomena in optical fiber waveguides can be understood by 
considering the electromagnetic wave theory in dispersive nonlinear media. By 
using Maxwell‟s equations and the constitutive relations, the wave equation 
describing the light propagation in optical fibers can be obtained. The fundamental 
equation for the propagation of electric field in both linear and nonlinear medium 
can be obtained as
 
[1],[2]
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 where c  is the speed of light in vacuum and ε0 is the vacuum permittivity. This 
equation is the main equation for describing the propagation of the electric field in 
linear and nonlinear media. A relation between the induced electric polarization P 
and the electric field E must be specified somehow. This cannot be done only 
within the Maxwell equations since P is a property of the material medium where 
the field E propagates in. In order to proceed, we need to know how a dipole 
moment density P is produced in the medium. In other words, we require 
information on the relationship between P and E which will be discussed later. In 
linear media, P and E are related linearly by  
 
                                                          P = ε0χE                                                     (2.2)  
 
where χ is the electric susceptibility function which is a constant. Therefore, the 
electric and magnetic fields propagating in a lossless linear medium can also be 
shown in the real instantaneous form as uniform plane waves  
 
                                      E = 
2
1
E0 {   c.c.)zti(exp   }                          (2.3) 
                                     H = 
2
1
H0 {   c.c.)zti(exp   }                          (2.4) 
 
where E0 and H0 are the amplitude vectors of the electric and magnetic fields, 
respectively. ω is the radian frequency and β is known as the wave propagation 
constant is the phase shift per unit distance of the wave measured along the z axis. 
Φ represents an overall phase, and c.c. denotes the complex conjugate of the 
preceding term.  
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2.3  The Origin of Nonlinear Optical Phenomena 
When the optical power within an optical fiber is small, the fiber can be treated 
as a linear medium; that is, the loss and refractive index of the fiber are 
independent of the signal power. However, when power reaches enough high 
levels in an optical system, nonlinear effects arise since refractive index and loss 
(or gain) depends on optical power. 
As soon as high intensity light passes through optical fibers various 
nonlinear effects may be observed [2]. Nonlinearities can be classified into two 
main categories. The first category of the nonlinearities occurs due to scattering 
effect since the photons of the incident light wave interact with phonons in the 
medium.  The two main nonlinear effects in this category are stimulated Brillouin 
scattering (SBS) and stimulated Raman scattering (SRS). In the second group, 
however, the dependence of the refractive index on the incident light power is the 
main factor for the generation. Some nonlinear effects in the second group are four 
wave mixing (FWM), self-phase modulation (SPM), and cross-phase modulation 
(CPM). All of these effects except SPM and CPM provide gain for other 
wavelengths at the expense of depleting power of the incident light known as 
pump. SPM and CPM change only the phase of the light and cause spectral 
broadening which leads to an increase in chromatic dispersion. 
Nonlinear effects are related to anharmonic motion of the bound electrons 
under the influence of an applied electromagnetic field. With intense 
electromagnetic field, nonlinear response of the refractive index in an optical fiber 
is more obvious. In practice, the largest electric fields obtained in matter fall into 
the range of  10
6
 v/cm in which most forms of matter exhibit electrical breakdown. 
In addition, an electron bound to an atom or molecule or moving through a solid or 
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dense liquid, experiences electric fields in the range of 10
9
 v/cm because over 
distance which is the order of an angstrom around the electron, the change in 
electrostatic potential can be several electron volts. Therefore, the external 
laboratory fields are very small compared to the electric fields naturally 
experienced by the electrons in the atom and molecule structures from which 
dense matter is constructed. In this condition, one can expand the dipole electric 
moment per unit volume, P(r,t), in a Taylor series in powers of the macroscopic 
field E(r,t) at the same point and at the same time [2],[3]: 
Pα (r,t) = Pα (E=0,r,t) + 


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where α, β, γ, δ range over the Cartesian components x, y, and z. Then the αth 
Cartesian component of the dipole moment per unit volume, Pα(r,t) is a function of 
the three Cartesian components of the external electric field. Our situation is a 
dielectric waveguide, optical fiber, within which the first term, dipole moment in 
zero external electric field, vanishes; any dipole moment present is then induced 
by the externally applied electric field, with their origin in incident laser radiation. 
The second and the subsequent terms describe the influence of a time-dependent, 
macroscopic external electric field. Then the response of medium to the external 
field can be written as  
 
      Pα(r,t,) = ε0


)1(
Eβ(r,t) + ε0


)2(
Eβ(r,t) Eγ(r,t) +          
                      ε0


)3(
Eβ(r,t) Eγ(r,t) Eδ(r,t) + …                                             (2.6)                                                                                              
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in which 
)1(

   
is the susceptibility tensor of ordinary dielectric theory whereas, 
)2(
  and
)3(
  are referred to as the second and third order susceptibilities, 
respectively. 
)1(
  is a second rank tensor which is diagonal for isotropic material 
such as gas, liquid, or a cubic crystal. 
)2(
 , a third rank tensor, must vanish in any 
material that is left invariant in form under inversion because both P and
 
E are 
vectors and thus odd under inversion symmetry. Therefore, in this work in which 
Si fibers are used 
)2(
  must vanish. Eq. (2.6) assumes that the system responds 
instantaneously to the applied field, however, the electrons and nuclei in media 
rearrange themselves in order to response the macroscopic electric fields. In 
practice, the dipole moment at any time is the consequence of the response of the 
medium to the electric field over some time interval in the past times. In addition, 
the dipole moment at any point depends not only on the electric field at precisely 
the point but also on the electric field at other points in the vicinity of the point. If 
an electric field is applied to one single molecule of a crystal lattice, the electrons 
within this molecule will be redistributed, and the position of the positive charges 
(nuclei) will be shifted. However, it should be noted that since the wavelength of 
light is very long compared to the underlying microscopic length scales in the 
medium, the proportional terms of the nonlinear susceptibilities χ(n)(k,ω) to the 
wave vector of light k (or the proportionality of χ(n)(r,t) to r in the Fourier 
transformation) can be ignored. Nevertheless, as discussed in the perturbation 
theoretic expressions for the nonlinear susceptibilities, the magnitude of the wave 
vector dependencies can be enhanced substantially by operating at a frequency 
very close to that of an isolated resonance. Therefore, in the Fourier 
transformation, Eq. (2.6) can be written as [4] 
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For strong fields, it is common to separate Pα in Eq. (2.7) into the first term which 
is linear in the electric field and all the other terms which are nonlinear so that  
                                                    Pα=P(L)α+P(N)α                                                                            (2.9)   
The last equation is the most general relation between P and E. On the other hand, 
in practice, the nonlinear response of the medium occurs on a very narrow time 
scale much smaller than the time scale of the linear response, therefore, in practice, 
the nonlinear response can be assumed to be instantaneous for pulse widths greater 
than 7 ps high speed optical pulses above of 10 Gb/s [5]. Thus, we can consider  
instantaneous nonlinear response as 
 
                             P= ε0 [ χ
(1)
. E + χ(2) : EE + χ(3)  EEE +… ]                         (2.10) 
 
where ε0 is the vacuum permittivity and χ
(i) (i=1,2,….) is the (i+1)th order tensor 
susceptibility. The operations denoted by .,:, are convolutions which show 
summation over repeated indexes. The linear susceptibility χ(1) represents the 
dominant contribution which relates linearly E to P , while the second order 
susceptibility χ(2) is the lowest nonlinear susceptibility responsible for second-
order nonlinear effects such as second harmonic generation and sum-frequency 
generation. In addition, the ratio of the magnitude terms in successive order of 
Eqs. (2.7) can be viewed as [6]  
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In practice, the atomic field 
aE  has an order of magnitude of 10
10
 (v/m) to 10
11
 
(v/m) whereas the largest magnitude of electric field E  is limited in the range 10
6
 
(v/m) because most insulating materials suffer dielectric breakdown for external 
electric fields with magnitude above this limitation. Therefore, the largest values 
of  
aE
E
 lies in the range of 10
-4
 to 10
-5
.                               
 Due to decreasing behavior of the magnitude of the higher order 
susceptibility tensors, the first and the second nonlinearities referred to as 
quadratic and cubic nonlinear polarizations are usually considered. However, as 
said before, the value of χ(2) must be zero in any centrosymmetric and isotropic 
material. Therefore, χ(2) diminishes in silica fiber where there are symmetrical 
molecules of SiO2  used in this work in the form of optical fiber waveguides. In 
other words, the second-order nonlinear effects can not be exhibited in this work. 
Then the lowest order nonlinear effects originate from the 3rd order susceptibility 
χ(3), which is responsible for the phenomena such as third harmonic generation, 
four-wave mixing and nonlinear refraction. These phenomena mentioned in the 
3rd order susceptibility χ(3) are elastics as there is no energy exchanged between 
the electromagnetic fields and matter. They are due to the dependence of the 
refractive index on the input light power.  
However, there are also third-order effects occurring because of the inelastic 
scattering effect. This class of nonlinear effects results from stimulated Brillouin 
scattering (SBS) and stimulated Raman scattering (SRS) in which the optical field 
transfer part of its energy to the nonlinear medium. They can be explained 
quantum-mechanically as scattering of an incident light photon to a lower energy 
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photon called Stokes photon by generating a phonon (acoustic phonon in SBS and 
optical phonon in SRS) with energy equal to the energy reduction of the initial 
photon. The main difference between the two is the type of interval mode 
involved. SRS involves nonpropagating collective modes as optical phonons in the 
medium whereas SBS involves low-frequency propagating acoustic wave phonons 
in the medium. Another fundamental difference is that SBS occurs only in the 
backward direction which is the opposite direction respect to the incident light. 
However, SRS is able to occur in both forward and backward directions although 
SRS dominates in the forward direction where SRS is in the same direction as the 
incident light. The other difference is that the downshifted scattered light is about 
10 GHz for SBS but 13 THz for SRS respect to the incident light frequency in 
SMF. Finally, the Brillouin-gain spectrum is less than 100 MHz bandwidth which 
is very narrow in comparing with Raman-gain spectrum bandwidth which is more 
than 20 to 30 THz. SBS has been shown to provide harmful effects in optical fiber 
telecommunication system due to its low threshold power, however it has also 
been indicated that SBS is useful for applications in Brillouin amplifiers, Brillouin 
erbium fiber laser (BEFL), and Brillouin fiber laser (BFL) which are of particular 
interest in this thesis. Principles of SBS generation will be considered later; it 
describes the implication of Brillouin Stokes in the BFL generation. 
2.3.1 Cubic Nonlinear Processes 
          Nonlinear optical processes usually happen when high intensity stationary 
fields having very small bandwidth enter a medium. Therefore, we can consider 
these fields as approximately monochromatic fields. Cubic nonlinear optical 
processes, also called the third-order nonlinear optical processes, occur as a 
consequence of the second term in equations (2.7) and (2.10), i.e., 
(3)P  processes 
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whose strength is expressed by
)3(
 . At the most, three different fields contribute 
in cubic nonlinear processes. In order to describe these processes, suppose we have 
three plane waves propagating in a medium so that the resulting electric field is 
given by                                                                                                       
                                                


3
1
E
2
1
)(
r
r
trietE

                                     (2.12)         
By using the Fourier transformation and Dirac-delta function which are                  



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ti )21(
e
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)( 21


              (2.13) 
Eq. (2.12) can be rewritten as 
                                       


3
1
)()(E
4
1
)(E
r
rr 

                              (2.14)       
In the last two equations, we use the following definitions: 
                         rr   , )(EE r r , )(E)E(- r r
                         (2.15) 
In the classical electro-dynamic treatment, cubic nonlinear processes can be found 
by using Eqs. (2.8) and (2.14). These contain many terms of the cubic processes 
which have different frequency combination. However, all the terms can be 
written as [5] 
                   )(E)(E)(E),,()(P 32132104(3)   A             (2.16) 
where 3214   , and A  is a constant for each term. For example, in 
Raman effect used in the chapter 5, RP21    that is the intensity of the 
light with the angular frequency which is the same as the frequency of Raman 
Stokes wave ( RS3   ) is amplified at the expense of the intensity of Raman 
pump (RP). In third harmonic generation, 321    so that 14 3  in which 
1  is the fundamental frequency. Eq. (2.16) can also represent the four-wave 
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mixing process in which a wave with angular frequency  
4  is generated when 
three optical waves at the frequencies
1 , 2 , and 3  are propagating together.  
2.4  Stimulated Brillouin Scattering (SBS) 
 As mentioned before, the physical process of SBS can be described by a 
nonlinear interaction among three waves: a pump wave which is the incident light, 
Stokes wave or scattered light, and an acoustic wave generated through a process 
known as electrostriction. Once the Brillouin scattered wave at the frequency BS  
is spontaneously generated, it beats with the Brillouin pump wave at the frequency 
BP and produces a beat frequency  )( BSBP    which is exactly equal to the 
acoustic wave frequency A . Consequently, this beat acts as a source to amplify 
the amplitude of the acoustic wave, which in turn amplifies the amplitude of the 
Brillouin scattered wave as a positive feedback. SBS can transfer ultimately all 
Brillouin pump power to the Brillouin scattered wave power which is detrimental 
in optical transmission communication system. The electrostriction phenomenon 
causes all electrical non-conductors or dielectrics change their shapes under the 
application of an electric field. Brillouin scattering may be understood via 
scattering of a Brillouin pump photon by an acoustic phonon which is a unit of 
energy and momentum for the acoustic or sound wave produced through the 
electrostriction. The conservation of energy and linear momentum during Brillouin 
scattering demands following equations for the frequencies and wave vectors 
[2],[5],[7] 
                                                  ABSBP                                                  (2.17) 
                                                   ABSBP kkk                                                (2.18) 
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where the indexes BP, S, and A refer to Brillouin pump, scattered, and acoustic 
waves, respectively. The acoustic frequency is very small compared to the light 
frequency, that is 
BSPA ,  ; therefore, BSBP   , and BSBP kk  . In 
addition, it can be deduced that  
                                                   
2
sink4k 22BP
2
A

                                          (2.19) 
where γ indicates the angle between the Brillouin pump and Brillouin Stokes wave 
vectors, BPk and BSk , respectively. By considering 
A
A
A
v
k

  , and 
BP
BP
BP
v
k

 , it 
can be deduced 
                                               )
2
sin
v
v
21(
BP
A
BPBS

                                  (2.20) 
which can also be described classically via scattering of the pump light by a 
moving grating with the sound velocity Av  in Doppler effect. It is clear that the 
Brillouin frequency shift, which is equal to A , is zero when the pump and 
scattered fields propagate in the same direction and has its maximum value  
BP
BP
A
v
v
2   when the scattered light, Brillouin Stocks, propagates in the opposite 
direction )(    which is our case happening in optical fibers. 
 The propagation of elastic wave in a dissipative medium can be described 
by a material density function  [kg/m3] satisfying the wave equation driven 
through electrostriction phenomenon as  
                                             






tt

 2
2
2
22
Av •f                            (2.21)                                    
where 
2E
2
1
f  e , the force per unit volume of the medium, produces the 
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density fluctuation due to light propagation in the medium [8]. Y/vA   is the 
speed of acoustic wave or longitudinal sound velocity in the medium and 
011 /   (m
2
/s) is known as sound damping factor in the region. Y (Pa) is the 
Young‟s modulus, 11  (Pa s) is the bulk viscosity coefficient of the optical fiber, 
and 0  is the unperturbed density. The parameter e  called electrostriction 
coefficient is the strength of the electrostriction effect. The nonlinear polarization 
for SBS can be obtained by the constitutive relation for the electric displacement 
vector D and Taylor‟s expansion of the permittivity coefficient as: 
                                     
0
)( 0












 EEED 0                             (2.22) 
where ε  is the permittivity of the medium. In comparison to the relation 
NLL0 PPED    which can be deduced by the constitutive relation and Eq. 
(2.9), the nonlinear polarization for Brillouin scattering is obtained from Eq. (2.22) 
as the following 
                                                        EP 


0
NL
e                                              (2.23) 
where the definition  
0
/0   ze  has been used. 
Thus, the electric field in SBS can be evaluated by Eq. (2.1) and the above 
nonlinear polarization as the following 
                                          2
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0
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2
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E
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E
v
1
-E

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
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


 e
                        (2.24) 
In order to solve the coupled Eqs. (2.21) and (2.24), it is common to suppose that 
the Brillouin pump, Brillouin Stocks, and acoustic wave are plane waves 
propagating in z direction assumed to be the axis of the fiber [9]. Hence, the 
supposed linearly co-polarized pump and Stocks fields and the sound wave with 
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the propagation vectors kBP=kBP z, kBS=kBS (–z), and kA=kA z, respectively, have 
the forms 
                              ..
)BPBP()(E
2
1
),(E 0BPBP cc
zkti
eztz 



                     (2.25) 
                              ..
)BSBS()(E
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                           (2.27) 
in which c.c. denotes the complex conjugate of the first term with the assumption 
that the amplitudes E0BP, E0BS, and A are not functions of time regarding steady-
state regime. With the assumption that the electric field E is obtained by the 
superposition of the electric fields EBP and EBS, the right hand of Eq. (2.21) will be         
•f=                  
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                                                                                                               (2.28)               
where the rapidly oscillating terms contributing at frequencies 2ω1, 2ω2, and 
(ω1+ω2) are neglected by regarding time averaging. Using Eqs. (2.21), (2.27), and 
(2.28), it can be obtained  
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Now, in order to find the electric fields, it is common to use an assumption known 
as slowly varying envelope approximation (SVEA), that is the electric fields EBP 
and  EBS exhibit slow variation over the medium length such that their second 
derivates with respect to z are negligible, in other words [1]    
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in which E0BP,BS shows the amplitude E0BP or E0BS, respectively. For a plane wave 
BSBP,
BSBP,
2


k , so that SVEA condition will be as 
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                                   (2.31) 
Physically speaking, over a distance of one wavelength, the magnitude of the slope 
of the electric field is much more than the change in the slope of the field. Thus, in 
this approximation, the first term of Eq. (2.24) can be written as                
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where minus and plus signs apply with E0BP and E0BS, respectively. Using Eqs. 
(2.24), (2.25), and (2.32), the wave equation (2.24) is separated into two equations 
at the frequencies ωBP and ωBS as the following [1]:       
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where BPPNL

 and BSPNL

, the nonlinear polarizations oscillating at ωBP and ωBS, 
are given by 
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By substituting Eqs. (2.35) and (2.36) into Eqs. (2.33) and (2.34) respectively, the 
following equations will be resulted   
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                                            0BP
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in which K  is given by 
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with the assumption nc /vv BSBP  , BPA 2kk   obtained from Eq. (2.19) in 
backward  scattering (   ), 2/2akB   and 
cnk /v2v ABPAAABSPB   . By adding the effect of absorption using 
the absorption coefficients of the Brillouin pump and the Brillouin Stokes waves, 
BP and BS , respectively, the following equations can be obtained 
                                           BPBPBSBP
BP III
dz
dI
 Bg                                     (2.40) 
                                          BSBSBSBP
BS III
dz
dI
 Bg                                      (2.41)   
where Bg  known as Brillouin gain factor is  
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The maximum Brillouin gain factor given by 
B
e
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c
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
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2
a00
22
p)0(
v4 

 at resonance 
)0)(( BPA  BS  is independent of the incident light frequency BP . 
However, A  the frequency of acoustic wave and B  the linewidth of the 
Brillouin gain depend on the light frequency BP  since we can deduce from Eq. 
(2.19) that   
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As mentioned before, Brillouin scattering can not propagates in the same direction 
as the Brilouin pump because according to Eq. (2.44) the damping coefficient 
0B  when 0 , i.e. BPk  and BSk  are parallel. In addition, the density 
function   induced by the field can not be in the form of Eq. (2.27) when 0B . 
In addition, Eq. (2.31) also suggests that B  has its largest possible value as    
or BSBP kk   so that the medium of Brillouin cell forms a scattering grating 
derived by Eq. (2.27) as the respond to the electric fields. It is evident that Bg  will 
be reduced to one-half of its peak value )0(Bg  when B  so that the Brillouin 
gain spectrum width B  is defined as the full width at half maximum (FWHM) 
of the Brillouin gain function Bg  and it is equal to B2  ( BB  2 ). The 
Brillouin gain linewidth is generally different for various optical fibers since 
inhomogeneities in the fiber core cross sections along the fiber length is various 
for fibers. In optical fibers,  2/BB   is typically between 10 and 100 MHz 
in the 1550 nm spectral region whereas the measured Brillouin 
shift,  2/BB  , is about 11GHz [3].  
 In Eqs. (2.40) and (2.41), it is assumed that the counterpropagating 
Brillouin pump and Brillouin Stokes waves are linearly polarized and maintain 
their polarization along the fiber. In practice, this assumption is true when the fiber 
is a polarization-maintaining fiber and the pump and Stokes waves are polarized 
along its principal axis. In a conventional optical fiber such as SMF, however, the 
relative polarization angle between the pump and Stokes wave varies randomly as 
discussed before. This is the case that the Brillouin gain factor 
Bg  will be reduced 
                                           Ch.2: The Theory of Brillouin Fiber Laser Generation 
 
46 
 
by a prefactor of 1.5 [10]. Analytical solutions of the coupled intensity Eqs. (2.27) 
and (2.28) can be derived as the following. 
 In order to solve the coupled steady state  Eqs. (2.40) and (2.41) 
describing the SBS dynamics in a SMF, the following transformation can be 
introduced by these definitions [11] 
                                  
BSBP II        ,       BSBP II                                  (2.45) 
so that 
                                                )(
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II 22BSBP                                            (2.46)  
Subtracting Eq. (2.37) from Eq. (2.38) results in 
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zd
d
                                                 (2.47) 
On the other hand, adding Eqs. (2.37) and (2.38) with using Eq. (2.46) gives 
                                         )(
2d
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If Δ is multiplied on both sides of the last equation, by using Eq. (2.47) it is 
obtained 
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By integrating the last equation over the fiber length from 0z  to a given point, a 
conversion relation will be obtained as 
              constant)Ln()Ln(
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Therefore,   can be obtained in terms of   by getting the exponential function 
from Eq. (2.50) as 
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where )0(0  z  and )0(0  z . From Eqs. (2.47) and (2.50), it is 
revealed that   can be solved exactly by using the following integration 
                             
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xx
g


                      (2.52) 
However, no closed form solution has been found for this integral. The last two 
equations are applicable for all values of Bg  and α except for the case of zero 
attenuation (α=0). For this case, the following result can be obtained readily by 
integrating Eq. (2.47) as 
                             constant'IIII 0BSBP0BS0BP0  k                                 (2.53) 
which is a conservation law for energy with the assumption )0(II BPBP0  z  and 
)0(II BS0B  zS . This solution shows that the difference of intensity of the pump 
and Stokes waves remains constant through the medium at least for the lossless 
fiber approximation. In addition, Eqs.  (2.40) and (2.41) for this case can be solved 
exactly to yield 
                                    BP0
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where 'k  is a constant according to Eq. (2.50). Therefore, it can be deduced from 
the last two equations that in lossless fiber approximation pump and Stokes 
intensity are related together with 
                                     )'exp(
I
I
)(I)(I
BP0
BS0
BPBS zkgzz B                                  (2.56) 
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In the other approximation called no depletion pump, the pump intensity Ip is 
constant. Due to the relatively small values of the acoustic wave frequency 
A , we 
have 
BSBP    and so   BSBP . When there is weak nonlinear coupling, so 
that IBS<<IBP, the solutions of the coupled Eqs. (2.40) and (2.41)   
 
                                          )exp()0(I)(I BPBP zz                                         (2.57) 
   )/)]exp())[exp(0(Iexp())(exp()(I)(I BPBSBS  LzgLzLz B         (2.58) 
 
where the integration in Eq. (2.58) is done from the whole fiber length L  to the 
given point z due to the backward propagation nature of Stokes wave. In practice, 
a given Stokes input at Lz   will grow to produce output intensity at 0z  as 
                          )])A/Pexp[()(I)0(I eff.eff.0 LLgL BBSBS                           (2.59) 
with the assumption eff.BP0 A)0(IP  is the input pump power, Aeff. is the effective 
core area of the Stokes wave in an optical fiber where w is the spot size of the 
beam, and Leff. is the effective interaction length obtained by 
                                                 )]exp(1[
1
eff. LL 

                                    (2.60)                                                       
The effective interaction length, effL , is smaller than the actual fiber length L  due 
to fiber loss. For a long fiber, such as our case in which we use a 25 km SMF, 
1)exp(  L , so that 
                                               )km(86.22/1eff  L                                  (2.61) 
Since the fiber attenuation is .(km)0.0437dB/km)(19.0
-1  In the both 
approximation, Eqs. (2.55) and (2.58) describe an increase in Stokes intensity Is 
when it propagates because the Brillouin-scattered Stokes field is supposed to 
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propagate in the –z direction. Therefore, the discussed phenomenon is a stimulated 
Brillouin scattering (SBS) process in which the Backward Brillouin scattering 
originates usually from noise or spontaneous Brillouin scattering occurring 
through the fiber. However, in a Brillouin fiber laser, a Stokes wave incident at 
Lz   is generally fed as a positive feedback which will be discussed later. It is 
clear that the approximation of undepleted pump breaks when IBS becomes 
comparable in magnitude to the pump intensity IBP. 
 One of the important features of Brillouin scattering process is SBS 
threshold defined theoretically as the input pump intensity at which the resonant 
gain for Brillouin Stokes wave, )0( Bg , is equal to its loss over the same 
given distance. By setting 0
d
dIBS 
z
 in Eq. (2.41), the pump intensity at threshold 
is found to be 
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a00
)0(BPth
v4
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e
B
Bg 
 
                                    (2.62) 
For a free end optical fiber in which Brillouin Stokes wave grows only from 
spontaneous Brillouin scattering throughout the fiber, the Brillouin threshold is 
found analytically to occur at a threshold Brillouin pump power thP  at which the 
backscattered Stokes power is equal to the input pump power [12]: 
                                                    
eff
(0)
B
eff
th
Lg
A
21P                                              (2.63) 
  In optical communication systems at 1550nm, the typical values for optical fibers 
are 
2
eff 50A m , km21Leff  , and W/m105
11)0( Bg , Eq. (2.59) results in 
mW1Pth  . However, the backscattered Stokes power is always less than the input 
power due to pump depletion in practice. In the other study, it is shown that the 
threshold power defined by Eq. (2.63) is the pump power required to produce an 
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SBS output power at the level of Rayleigh back scattering power [13]. Again, it is 
revealed that )0(
Bg  is nearly independent of the pump frequency p  since 
2
pB  
according to Eq. (2.44). Besides, the Brillouin gain in Eq. (2.42) is obtained under 
steady state conditions for a continuous pump wave whose spectral width BP  is 
much smaller than the Brillouin gain B . However, the Brillouin gain will be 
reduced considerably if the spectral width of the pump wave exceeds the Brillouin 
gain spectral width ( B  BP ). If Brillouin pump laser has a Lorentzian 
spectral profile, it can be shown that the Brillouin gain spectrum )(Bg  is still 
given by Eq. (2.42) but the gain peak )0(Bg  is reduced by a factor 
[ )/(1 BP B  ] [14]. Therefore, in this case, the SBS threshold increases by the 
factor )/(1 BP B   so that 
                                          )(1
Lg
A
21P
B
BP
eff
(0)
B
eff
th




                                     (2.64)        
 
                       
2.5  Brillouin Fiber Laser (BFL) Generation 
 If an optical fiber is placed inside a cavity, Brillouin fiber lasers (BFLs) 
can be generated by using the Brillouin gain function Bg  in the fiber. BFLs have 
been an active topic of research since 1976 [15],[16],[17]. Using optical circulators 
and optical couplers, there is no need to use mirrors for BFL generation in fiber 
optics. The SBS threshold power can be considerably reduced by placing an 
optical fiber in a cavity to generate BFL oscillations. In addition, the Brillouin 
Stokes linewidth becomes significantly narrower than the Brillouin pump 
linewidth with reductions of up to a few Hertz [18], [19].  
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2.5.1 Generation of Brillouin Fiber Ring Lasers (BFRLs) 
         For a conventional ring cavity as shown in Fig. 2.1, the boundary condition 
for Brillouin Stokes intensity is 
                                               )0(I)(I BSBS  RL                                          (2.65) 
where L  is the ring-cavity length and R  is equal to the fraction of the Brillouin 
Stokes intensity injected into the ring cavity after each round trip.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 2.1: A conventional ring cavity for BFL generation 
 
 
 It is evident that Brillouin Stokes wave is generated in the backward 
direction due to spontaneous Brillouin scattering at the beginning, however, after 
generating BFL oscillations, we can ignore spontaneous Brillouin Stokes intensity 
in comparison to the feedback Stokes. Therefore, the coupled intensity equations 
for the BFRL generation have the forms       
SMF 25km 
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                                             BPBPBSBP
BP III
dz
dI
 Bg                                   (2.66) 
                                             BSBSBP
BS
III
dz
dI
sBg                                   (2.67)   
where the parameters are the same as in Eqs. (2.40) and (2.41). In addition to Eq. 
(2.65), there is another boundary condition for intensity pump power in the fiber as  
                                      )(II)0(I BP0BP LzRz                                  (2.68) 
0I  is Brillouin pump intensity injected into the optical system and μ plays the role 
of a dimensionless pump factor.  
    In this case, using boundary condition in Eq. (2.65), the SBS threshold condition 
for the undepleted pump approximation will be  
 
                                     1)A/Pexp( effth  LLgR effB                                   (2.69) 
 
2.5.2 Generation of Brillouin Fiber Lasers in Linear Cavities  
          Fabry-Perot Brillouin fiber lasers have some aspects qualitatively different 
from those making the usage of a ring cavity. This difference is due to the 
simultaneous attending of the forward and backward propagating components of 
the Brillouin pump and Stokes in the cavity as shown in Fig. 2.2. Therefore, higher 
order Stokes waves generated through cascading SBS are readily performed in the 
linear cavity than in the ring one at the same conditions. 
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Fig. 2.2: Conventional linear cavity configuration 
 
 
The BP is injected into the SMF via the coupler (C) in a forward direction as 
indicated in Fig. 2.2. The generated backward-propagating SBS oscillates inside 
the resonator to subsequently generate the BFL, which is coupled out via the 
coupler. The output laser is characterized by using an OSA. The coupled intensity 
equations in BFRL generation which are Eqs. (2.66) and (2.67) can also be used in 
this situation; however, the boundary conditions should be modified to simulate 
the linear cavity. In addition, in some reports, fiber Bragg gratings have been used 
instead of the optical circulators (OCs) to create a linear cavity [20],[21].  
  In the process of cascading SBS, each Stokes components pumps the next 
order Stokes component after its power becomes large enough to satisfy the 
condition of Brillouin threshold power. At the same time, anti-Stokes waves are 
also generated through other physical process called four-wave mixing between 
copropagating pump and Stokes waves. The result is a multiwavelength BFL 
which is the subject for the next chapter.   
IBP 
IBS 
OSA TLS 
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Chapter 3:                         
Generation of Brillouin Fiber Lasers (BFLs) 
and Multiwavelength BFLs (MBFLs) and Their 
Performance 
 
3.1  Introduction 
 In this chapter, the generation of BFLs and MBFLs as well as their 
performance will be reviewed. The first part of this chapter will analyze 
experimental results obtained for various BFL and MBFL factors such as Brillouin 
scattering, stimulated Brilluoin scattering (SBS) and SBS threshold power as well 
as the effect of the Brillouin pump (BP) linewidth and the effective length of 
single-mode optical fibers used in this work. Subsequently, the design and 
generation of the BFL in the ring and linear cavities will be discussed and 
demonstrated. The proposed BFLS are designed to yield high performance 
efficiency in comparison to the previous works done by researches in this field. In 
the final part of the chapter the generation of MBFLs as a further application of 
BFLs will be presented by using the same ring and linear cavities. Also in this 
work, BFL linewidth measurement will be done by using the heterodyne method 
between two uncorrelated BFLs generated in the same conditions. This is because 
BFL linewidth measurement has been a challenging research issue since BFLs as a 
high coherent source have an ultranarrow linewidth and although some values 
have been reported for BFL linewidth, most of them are in the range a few hertz 
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and a few researches failed due to the resolution limitation of radio-frequency 
spectrum analyzers 
 
3.2  Investigation of Stimulated Brillouin Scattering in Optical Fibers 
As described in the Chapter 2, the phonons involved in the Brillouin 
scattering interaction are acoustic phonons, and the interaction occurs over a very 
narrow Brillouin gain linewidth which is typically in the order of tens of MHz (for 
example 35 MHz for fused silica), at the downshifted frequency about 10 GHz 
from the Brillouin pump in the wavelength 1550 nm [1-4]. This shift is determined 
by the velocity of the acoustic grating along the fiber and is therefore dependent on 
the mechanical properties of the fiber such as the elasto-optic coefficient, applied 
strain and ambient temperature [5, 6]. In doped fibers, such as EDFs the frequency 
shift has also been demonstrated to be dependent on the dopant concentrations in 
the core and cladding of the fiber [7, 8]. 
 The Brillouin Stokes (BS) propagates in the opposite direction of a pump 
signal, thus creating significant distortion within the single. In other terms, SBS 
produces gain in a direction opposite to that of the Brillouin pump laser source. 
This is detrimental as it will deplete the pump and generates a potentially strong 
Brillouin Stokes wave propagating backward to the pump. Therefore, the Brillouin 
Stokes wave must be shielded by an isolator. The simplest suitable configuration 
for generating SBS is demonstrated in Fig. 3.1 where BS wave can be obtained in 
the backward direction in the free end single-mode fiber (SMF). The SMF is 
G.652.D with ID No. F6285 A0001 produced by The Furukawa Electric Co., LTD 
as mentioned at the end of this work. At the same time, not only the Brillouin 
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pump laser source is protected by the optical circulator from any backward 
reflected power but also the reflected power is readily detected by the optical 
spectrum analyzer (OSA) at the port 3 of the optical circulator.  
  
 
 
 
 
 
 
 
Fig. 3.1: Experimental setup for generating Brillouin scattering (BS).  
 
In this setup as shown in Fig. 3.1, a tunable laser source (TLS) is used as the 
Brillouin pump (BP) with maximum peak power approximately 5 dBm at the 
wavelength 1550 nm and the BP wide linewidth 124 MHz. The maximum BP 
power is launched into the free end single-mode fiber (SMF) through the ports 1 
and 2 of the optical circulator (OC). The reflection is detected through the port 3 of 
the OC by using the optical spectrum analyzer (OSA) with the resolution of 0.01 
nm. In Fig. 3.2, the reflection and the injected Brillouin pump intensity spectra are 
demonstrated for the comparison. The anti-Stokes, the BP Rayleigh reflection and 
the Brillouin Stokes in the reflection spectrum have the peak power of about -51 
dBm,   -31 dBm, and -46.5 dBm, respectively. The Brillouin Stokes light 
wavelength is shifted upward by 0.088 nm from the BP wavelength whereas the 
SMF 25km 
              
OC 
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BP 
Port 3 
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I BP 
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anti-Stokes wavelength is the same shifted but downward due to the degenerate 
four-wave mixing between the Brillouin pump and Brillouin Stokes waves.  
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Fig. 3.2: The injected Brillouin pump (BP) spectrum and the reflection spectrum 
are demonstrated for the comparison. BP reflection is due to BP Rayleigh 
scattering whereas the Brillouin Stokes (BS) and anti-Stokes waves are generated 
by Brillouin scattering and degenerate four-wave mixing process, respectively.  
 
Although an optical fiber is used as Brillouin cell to observe Brillouin 
scattering, it can be a gas, a liquid, or any solid with applications in high-power 
solid-state master oscillator power amplifier (MOPA) systems which provide 
average output powers up to kilowatt range with diffraction-limited beam quality 
[9]. According to the SBS theory, the beat frequency between the Brillouin 
BS 
Anti-Stokes 
BP Reflection 
BP  
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scattered wave and the incident BP light is equal to the frequency of the acoustic 
wave. As soon as the interference of the Brillouin laser pump and the Brillouin 
Stokes wave reinforces the acoustic wave, it, in turn, causes the amplification of 
the scattered Brillouin Stokes wave so that the SBS happens. In fact, the 
interaction between the incident wave and the Brillouin scattered wave in the 
Brillouin cell can become nonlinear if the interference between the two optical 
fields can coherently drive the acoustic wave generated by either through 
electrostriction or through local density fluctuations resulting from the absorption 
of light and the consequent temperature changes. The Brillouin threshold power is 
defined as the Brillouin pump power at which Brillouin Stokes power suddenly 
increases. The nonlinear Brillouin process is a nonlinear function of the incident 
light intensity. Nevertheless, in using any gas, liquid or solids, stronger focusing 
does not decrease the SBS thresholds. The reason for this behavior is the reduced 
active volume when stronger focusing is applied. One way to reduce the Brillouin 
threshold power is the use of waveguide structures which have been used in 
optical fibers [10],[11],[12] and in capillaries [13] where a high intensity is 
obtained along the full length of fiber in contrast to the bulk geometry. However, 
if very narrow waveguide diameters are used, damage of the incident surface and 
volume damage inside the capillary are the limiting factors for the maximum 
power.        
In order to study the SBS effect, a higher BP power is needed. Thus, in this 
work, an Erbium doped fiber (EDF) amplifier (EDFA) is used to boost the TLS 
output power. As a result, the combination of the TLS and EDFA is the Brillouin 
pump (BP) which has the maximum output power about 14 dBm. The 14 m EDF 
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used in the experiment has an 3Er   ion concentration of 440 ppm, a numerical 
aperture of 0.21, and a cutoff wavelength 920 nm. The EDF is pumped by a laser 
diode at the pump wavelength of 980 nm with the maximum output power of 103 
mW. By changing the BP power, we can observe the evolution of the anti-Stokes, 
the BP reflection, and the Brillouin Stokes peak power. The results are shown in 
Fig. 3.3 in which the reflection spectra including the peak power of the anti-
Stokes, the BP Rayleigh reflection, and the Brillouin Stokes are demonstrated for 
various BP powers from 1 dBm to the maximum pump power of 14 dBm. By 
increasing 13 dB BP power, the Brillouin Stokes power is boosted by 45 dB due to 
the SBS effect, whereas the peak power of the anti-Stokes and the BP Rayleigh 
reflection are increased by only about 7 dB and 12 dB respectively, as shown in 
Fig.3.3. 
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Fig. 3.3: The evolution of the reflection spectrum is demonstrated by changing the 
Brillouin pump (BP) power. Although the peak power of the anti-Stokes and the 
BP reflection is not changed by much (about 7 dB and 12 dB, respectively), the 
Brillouin Stokes peak power is increased a about 45 dB due to the SBS effect. 
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3.2.1 The BP Linewidth Effect on the SBS 
 According to Eq. (2.64) mentioned in the SBS theory of the pervious 
chapter, the SBS threshold power increases by the factor [ )/(1 P B  ] where 
p  and B  are the BP bandwidth and the Brillouin gain bandwidth or FWHM 
of the Brillouin gain curve, respectively [14],[15]. Indeed, the SBS threshold 
power is dependent on the BP spectral width as [14] 
                                                  
B
BP
thP




                                              (3.1) 
where the symbol   represents the convolution of the pump and Brillouin 
linewidths. For Gaussian profiles, the convolution equates to 
                                       2
1
22 )( BPBP                                         (3.2) 
 
whereas for the more common assumption of Lorentzian profiles, it is 
                                       BPBP                                               (3.3) 
 In addition, the Lorentzian Brillouin gain curve in Eq. (2.42) has been found 
experimentally to be valid only for low input pump powers, i.e. up to the SBS 
threshold. However, it is known to be narrow and evolve into a Gaussian curve as 
the continuous wave (CW) pump power is increased further [16].  
 Thus, the Brillouin threshold power is reduced when a narrower BP 
linewidth is used. Using the narrow BP linewidth 15 MHz, we repeat the 
procedure leading to Fig. 3.3 and the results are shown in Fig 3.4. 
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Fig. 3.4: The evolution of anti-Stokes, Brillouin Pump (BP) Rayleigh back 
scattered BP, and Brillouin Stokes at various BP power obtained by using the BP 
narrow linewidth 15MHz. 
 
 
As shown in Fig. 3.4, the Stokes peak power for BP power 10 dBm and above is 
much higher compared with the pervious Stokes peak power in Fig. 3.3. This is 
due to the usage of narrower BP linewidth which reduces the SBS threshold 
power. By using the BP linewidth of 15 MHz and by 13 dB increasing the BP peak 
power, the Brillouin Stokes power is boosted by 57 dB whereas the peak power of 
the anti-Stokes and the BP Rayleigh reflection are increased only about 8 dB and 7 
dB, respectively.  
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The evolution of the Brillouin Stokes (BS) power is shown in Fig. 3.5. The 
Brillouin Stokes peak power measured against the BP power at the wide and 
narrow BP linewidths of about 15 MHz and 124 MHz, respectively. As shown in 
Fig. 3.5, the narrow linewidth contributes to a higher output power of the BS and a 
lower BS threshold power. In the low–BP power range, the BS peak power for 
both the BP linewidths of 15 MHz and 124 MHz increase linearly as the BP power 
increases. However, as the BP power exceeds a critical power level, the BS power 
increases rapidly. The slope of the graph is also measured to be about to be 
approximately between 1.21 and 1.24 both before and after the critical power 
levels for the BP linewidths of 15 MHz and 124 MHz, respectively. Defining the 
SBS threshold power as the BP power at the critical power level, we can obtain the 
SBS threshold Power which is at approximately 4 dBm and 12 dBm at the BP 
linewidths of about 15 MHz and 124 MHz respectively.  
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Fig. 3.5:  Brillouin Stokes (BS) peak power against Brillouin pump (BP) peak 
power in using the different BP linewidths 15 MHz and 124 MHz. 
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3.2.2 Effective Length and Effective area for SBS 
The nonlinear interaction depends on the interaction length and the cross-
sectional area of the fiber. By using a longer interaction length, more interactions 
and a stronger effect of the SBS will be obtained as a kind of nonlinear 
phenomena. However, as the signal propagates along the fiber length, its power 
decreases due to fiber attenuation. Thus, most of the nonlinear effects occur at the 
input part of the fiber span and diminishes as the signal propagates. The SBS 
threshold power also decreases by a factor )/1( effL , in which effL known as the 
effective length is proportional to the length of the fiber as mentioned in Eq. 
(2.60). In fact, modeling this effect can be quite complicated, but in a simple 
model called undepleted pump approximation [15], [17], it is assumed that the 
pump power transmitted at some distance z along the link is )exp()( 0 zPzP   
where Po denotes the power injected into the fiber and  α is the fiber attenuation. If 
L denotes the actual link length, the effective length (see Fig. 3.6), effL defined by: 
                                           



L
0
0 )(
z
z
eff dzzPLP                                         (3.4) 
which yields exactly Eq. (2.60). This length effL is chosen in a manner that the area 
under the curve )exp()( 0 zPzP   plotted in Fig. 3.6 (a) is equal to the area of the 
rectangle in 3.6 (b).  
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Fig. 3.6: (a) A typical distribution of the power along the length L of a link 
according to )exp()( 0 zPzP  . (b) A hypothetical uniform distribution of the 
power along a link up to define the effective length effL  . This length is chosen in a 
manner that the area under the curve in (a) is equal to the area of the rectangle in 
(b). 
 
 
On the other hand, the SBS threshold saturates when the fiber length is longer than 
a certain value )/1(   where α, the attenuation constant is a measure of total fiber 
loss from all sources. In our case, 
-1km)(0.0437(dB/km)192.0  . Therefore, 
regarding Eqs. (2.60) and (2.61), kmLeff 87.22  only if the attenuation 
coefficient of the used single-mode fiber (SMF) is considered. As a result, an 
available 25 km SMF is applied in this work.  
In addition to the fiber length, the effect of nonlinearities also increases 
with the intensity in the fiber. For a given power, the intensity is inversely 
proportional to the area of the core as demonstrated by Eq. (2.64) for SBS 
threshold power. Since the power is not uniformly distributed within the cross 
effL  
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section of the fiber. It is convenient in fiber optics literature that one uses a mode 
effective cross-sectional area effA  as shown in Fig.3.7 [15].  
In the case that a fiber is operated at closeto cut-off of the fundamental 
mode, this becomes almost the same as the geometrical area. It is related to the 
cross-sectional distribution of the fundamental mode )F(r,  by: 
                                                



])F(r,[
])F(r,[
4
22


rdrd
rdrd
Aeff                                    (3.5) 
where ( ,r )  denotes polar coordinates. The effective area, as defined above, is a 
very important parameter which most nonlinear effects such as SBS can be 
expressed in terms of the effective area for the fundamental mode propagating in 
the given optical fiber. As shown in Fig. 3.7 (b), the intensity distribution in a fiber 
is nonzero only for an area effA  around the center of the fiber. 
 
 
Fig. 3.7:  (a) A typical distribution of the signal intensity along the radius of the 
fiber is demonstrated. (b) A hypothetical intensity distribution, equivalent to that in 
(a) for many purposes, shows an intensity distribution that is constant and constant 
and nonzero only for an area effA  around the center of the fiber. 
 
2/1)/( effA  
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The evaluation of the effective mode area requires the use of modal field 
distribution F(r,θ). The effective mode area clearly depends on fiber parameters 
such as a core radius, core refractive index, and core-cladding index difference. 
For step-index fibers, the effective mode area of the fundamental mode can be 
defined by the Mode Field Radius (MFR) with Gaussian beam approximation, 
which is slightly larger than the core radius due to the cladding mode contribution. 
The effective mode area of πw2 where w is the MFR is nearly the same to the core 
area which is defined by πa2 where a is the core radius, when the normalized 
frequency V is the single-mode cutoff frequency of 2.4048. Typically, the 
effective mode area for single-mode silica fibers can vary in the range of 20~100 
μm2 in the 1550 nm region depending on fiber design. 
Some nonlinear effects such as self phase modulation, cross phase 
modulation and four-wave mixing that originate from nonlinear refractive index 
                           
eff
eff
A
P
NnNInnnn  000                          (3.6) 
where N  the nonlinear-index coefficient, effI  the effective intensity of a 
propagating laser beam, P  the power of the laser beam, 0n  the linear refractive 
index, and n  is the nonlinear refractive index induced by the third-order 
susceptibility χ(3). As a result, these nonlinearities in optical fibers are highly 
dependent on the nonlinear-index coefficient, the optical power, and the effective 
mode area effA . The mode effective area of SMFs and DSFs is typically about 
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2m and 50 2m , respectively, whereas for DCFs so that they generate large 
negative dispersion coefficient and hence they are more susceptible to exhibit 
higher nonlinearities. 
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In this work, the effect of the fiber length on the peak power of the anti-
Stokes, BP Rayleigh scattering, and Brillouin Stokes is investigated by observing 
the spectra in the same manner that obtained in the Figs. 3.3 and 3.4 and by using 
different lengths of the SMF. The result is shown in Fig. 3.8 (a) and (b). In this 
experiment, the BP power is fixed at 14 dBm. 
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Fig 3.8: The effect of the fiber length on the peak power of Brillouin pump (BP) 
Rayliegh scattering (BPRS), anti-Stokes, and Brillouin Stokes. The applied BP 
peak power is fixed approximately 14 dBm with (a) the wide linewidth 124 MHz 
and (b) the narrow linewidth 15 MHz. 
 
 
 
 
 
As shown in Fig. 3.8 (a) and (b), the Brillouin Stokes power increases as the length 
of SMF approaches to effL  due to the increased interaction length in the fiber. The 
used fiber lengths 1 km, 2 km, 3 km, 4 km, 5 km, and 25 km are according to the 
available fiber lengths in our laboratory. In addition, by using narrower BP 
linewidth with the same fiber length, Brillouin Stokes power is higher due to the 
dependence of Brillouin threshold power on the BP linewidth which was 
mentioned before in Eq. (2.64). The reduction of the BP Rayleigh scattering power 
(b) 
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in the usage of the 25 km fiber length is due to BP depletion occurring during SBS 
process.     
 
3.2.3 Evaluation Methods for the SBS Threshold Power  
According to Eq. (2.64) for the theoretical determination of the SBS 
threshold power, we have to know the Brillouin gain peak )0(Bg  which is an 
intrinsic parameter related to the material. The typical )0(Bg  value of fused silica 
glass is about W/m105 11)0( Bg  [17]. However, it was reported that the 
effective )0(Bg  value in a single-mode fiber is closely related to the refractive index 
profile [18]. Hence, exact measurement of the Brillouin gain is needed to evaluate 
theoretically the SBS threshold power in an optical fiber [19].  
In practice, the SBS threshold power can be derived by considering the 
nonlinear characteristics in the transmitted and (or) reflected power. Various 
definitions for determining the SBS threshold power in optical fibers have been 
proposed. Some of the SBS threshold definitions are as the following: 
(1) The input BP power at which the emerging backscattered power equals                         
the input BP power [1], [20]. However, in practice, the backscattered power will 
always be less than the input power due to pump depletion. Nevertheless, this 
definition can be used as a benchmark to determine the pump power level at which 
SBS becomes excessive [21]. It was shown that definition (1) corresponds to the 
input BP power at which the Stokes power equals approximately 10% of the input 
power at the near end of the optical fiber [22]. 
(2) It has been reported that the transmission characteristic power are degraded 
when the Stokes conversion power becomes 1% of the input power shown in 
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Fig.3.9 [22]. Thus, the SBS threshold is defined as the input BP power at which 
the Brillouin Stokes power at the fiber input is equal to 1% of the input BP power 
at this point. It is also reported that the factor of 21 must be replaced with 18 in the 
theoretical SBS threshold definition cited in Eq. (2.116) [22], [23]. 
(3) Traditionally, the SBS threshold is obtained as the input BP power at which the 
Brillouin Stokes power equals the transmitted BP power [1], [24], [25], see 
Fig.3.9. 
(4) The input BP power level at which the reflected BP power becomes 4% of the 
input power [26]. 
(5) The transmitted power increases in proportional to the input power at the lower 
BP power level. At the higher input BP power, however, the transmitted power 
becomes almost independent of the input BP power. Then, SBS can be considered 
the input BP power at which the two fitting lines cross each other as shown in Fig. 
3.9 [26]. 
(6) The input BP power at which the second derivative of the Stokes power (mW) 
reaches its maximum value [26]. 
(7) The input BP power at which the Brillouin Stokes power begins to increase 
rapidly or equivalently, the transmitted BP power begins to be saturated [27], [28]. 
(8) The input BP power needed to generate the Brillouin Stokes power at the level 
of BP Rayleigh back scattering power [28], [29]. 
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Fig. 3.9: Backscattered Brillouin Stokes and transmitted Brillouin pump (BP) 
powers against launch BP power are measured. It has been reported that the 
transmission characteristic power are degraded when the Stokes conversion 
becomes 1% of the input power [24]. SBS can also be considered the input BP 
power at which the two fitting dashed lines cross each other [27].    
 
It is important to note that the SBS threshold definitions (1), (2), (4), and (8) have 
an advantage over (3), (5) and (6) in which BP saturation or BP depletion is the 
indicator sign. In fact in the former definitions (1), (3), (5) and (6), only two 
absolute power measurements of the input and the backscattered power are needed 
rather than three power measurements in methods (2) ( and (7) if BP transmitted 
pump is the indicator) where it is also a requirement to indicate the transmitted 
power. (5) and (6) also require computations in addition to the experimental 
results.  
In this work, the method (8) will be used since it is possible to analyze the 
BP Rayleigh reflection and Brillouin Stokes power simultaneously in the reflection 
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measurement. For the free end 25 km SMF in Fig. 3.1, the peak power of the anti-
Stokes, BP Rayleigh scattering and Brillouin Stokes against the BP peak power are 
shown in Fig. 3.10 (a) and (b) for the different BP linewidth of 124 MHz and 15 
MHz, respectively. SBS threshold power is approximately 12 dBm and 4 dBm 
which are the BP power at the intersections of the BP Rayleigh reflection and the 
Brillouin Stokes peak power for Fig. 3.10 (a) and (b), respectively.  
 
 
 
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
-30 -25 -20 -15 -10 -5 0 5 10 15
P
e
a
k
 p
o
w
e
r 
(d
B
m
)
BP Peak Power (dBm)
BS
BPRS
ANTI-BS
 
 
(a) 
Ch.3: Generation of Brillouin Fiber Lasers (BFLs) and Multiwavelength BFLs 
(MBFLs) and Their Performance 
 
76 
 
 
-80
-70
-60
-50
-40
-30
-20
-10
0
10
20
-30 -25 -20 -15 -10 -5 0 5 10 15
BP Peak Power (dBm)
P
e
a
k
 P
o
w
e
r 
(d
B
m
)
BS
BPRS
ANTI-BS
 
 
Fig. 3.10: Evaluation of SBS threshold power by using the intersection of BP 
Rayliegh scattering (BPRS) and Brillouin Stokes (BS) for BP linewidth (a) 124 
MHz and (b) 15 MHz. The threshold power is the corresponding BP peak power of 
the intersection point at about 12 dBm and 4 dBm, for (a) and (b), respectively.  
 
 
            In order to reduce the SBS threshold power and also the fiber length for the 
usages in compact devices, it is desirable to have a medium with a large Brillouin 
gain coefficient Bg .Some SBS applications involve Brillouin fiber lasers, Brillouin 
amplifiers, microwave signal processors, optical sensors, and gyroscopes [30],[31], 
Although many crystals and organic materials are reported to have a large 
Brillouin gain coefficient [32], many are difficult to draw in the form of optical 
fibers. So far a number of non-silica based fibers are successfully drawn into 
optical fibers, which include Tellurite, Bismuth, and Chalcogenide glass fibers. 
These optical fibers have large nonlinear Kerr and Raman gain coefficients, and 
(b) 
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thus have potential applications in high-speed optical signal processing [33], [34]. 
A tellurite fiber with a relatively large refractive index of about 2.028 which is 
about 40% higher than that of silica [35], is expected to exhibit a large Brillouin 
scattering coefficient since it is proportional to the material refractive index raised 
to the power of about 7 ( 7n ) [27]. Chalcogenide fiber is also reported to have a 
Brillouin gain coefficient about two orders of magnitude larger than of silica-based 
fibers [36]. For Bismuth-base EDF, it is expected that Brillouin gain coefficient to 
be about 4×10
-7
 which is four order grater than fused silica [37].  
In addition, it is also known that the SBS threshold can be decreased using 
feedback. Different loop schemes providing the feedback for bulk SBS materials 
were investigated [37].  In these methods, part of the Brillouin Stokes‟ light is fed 
back into the SBS material. Using this feedback, a self-seeding of the SBS process 
takes place; thus the SBS Stokes‟ signal increases. At the same time, a part of 
undepleted residual Brillouin pump light is also fed back into the SBS cell. The 
injection of the undepleted Brillouin pump also decreases the SBS threshold 
further due to the intensifying of the injected BP. This is an important issue 
because fibers, due to the existence of high intensities in their small core have 
already reduced the SBS threshold by many orders of magnitude compared to the 
bulk material. Nevertheless, a further SBS threshold reduction which is possible by 
using a feedback scheme would be of interest especially for continuous wave 
(CW) and quasi-CW lasers with medium average power in the range of several 
tens of Watts. It was also shown that even Fresnel reflection at the fiber end 
surface can decrease the SBS threshold; however, a chaotic behavior of the 
reflected Brillouin Stokes‟ light results by using very long fibers in the feedback 
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mechanism [38]. In the next section, different kinds of feedback mechanism will 
be discussed. 
 
3.3  Generation of Brillouin Fiber Lasers  
The feedback schemes used to decrease the SBS threshold are in the form of 
ring cavities and linear cavities. If closed-loop gain exceeds unity so that Brillouin 
amplification overcompensates the cavity loss, Brillouin Stokes‟ oscillation takes 
place and, in turn, it causes Brillouin fiber lasers (BFLs) generation. Typical linear 
and ring cavities which are used for generating linear and ring BFLs are shown in 
Fig. 3.11 (a) and (b) respectively. In the linear cavity, the linear laser is assumed to 
have two counter-propagating BFL beams at the laser wavelength whereas in ring 
cavities, only one unidirectional BFL beam can propagate in the backward 
direction in comparison to the BP direction due to the Brillouin scattering aspect in 
optical fibers.  
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Fig. 3.11: Schematic configurations for (a) linear cavity and (b) ring cavity. 
 
In the linear cavity, shown in Fig. 3.11 (a), 1R  and 2R  are the reflectivity 
coefficients at the lasing wavelength for the left-hand side and the right-hand side 
mirrors, respectively. Both mirrors are assumed to be transparent at the pump 
wavelength so that the pump has only one pass through the fiber. Therefore, there 
is pump light propagating to the right and a laser light standing wave that is a 
superposition of right- and left-propagating laser lights at any point in the fiber. 
in
pP  is the pump light power that inputs to the optical fiber. 1  and 2  are the 
single-pass transmission coefficients that account for intracavity components such 
as tuning elements and the fiber-to-mirror coupling loss for each discrete loss 
elements.  
   Input  
  Coupler 
SMF 
 Output 
Coupler 
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The output laser power 
LasP  is given by 
                                                   outR22Las P)R1(P                                    (3.7) 
where outRP  is the power at the fiber-laser wavelength out from the right hand side 
end of the optical fiber. 
The nonlinear dynamics of Brillouin fiber lasers stands among the richest 
research area in fiber optics. Under the one-dimensional approximation which is 
customary in single-mode fibers (SMFs), SBS is understood in the frame of the 
coherent 3-wave model of SBS as mentioned before in Eqs. (2.66) and (2.67) [39], 
[40]. This model accounts for perturbative optical Kerr effect and spontaneous 
noise [41]. Brillouin fiber laser (BFL) devices exhibit periodic, quasi-periodic [42-
45], chaotic [46], and even solitonic super- and sub-luminous pulse propagation 
[47], [48], as well as self-stabilization of the phase which yields ultra-coherent 
regimes leading to BFL linewidths as narrow as a few hertz [49],[50]. BFLs are 
fairly simple to operate with only tens of mW of Brillouin pump because of the 
very high Brillouin gain in a long enough single-mode fiber which allows very low 
finesse and reinjection rates. According to the modal analysis [51], the linear laser 
and the ring laser globally exhibit the same dynamics.  
By changing the fiber length in the modal analysis [51], three distinct 
dynamical behaviors can be considered: (1) Lower than a critical value of fiber 
length cL , which is 48 m in ring cavities and 11m in ring cavities, the SBS 
emission is stable for any input pump power. In the framework of a modal 
analysis, this can be interpreted as the cavity free spectral range (FSR) which is 
comparable with the width of the Brillouin gain curve so that only a few modes 
can experience gain. However, near the threshold power, only the mode that 
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coincides with the center of the gain curve has sufficient gain to overcome the 
resonator losses and can oscillate. Since the Brillouin curve is homogeneously 
broadened, the laser always remains monomode as the input power increases [52]. 
(2) The SBS emission is unstable just beyond the threshold in long enough fibers 
(comparable to effective length). In other words, the resonator FSR is so small that 
many of the modes close to the center of the gain curve nearly experience the same 
gain and can oscillate simultaneously near the threshold. This leads to the unstable 
behaviors observed in previous works [53-58]. (3) For the intermediate fiber 
lengths, the transition between the dynamical behaviors observed in the two 
previous cases for the short and long fibers occurs inside a range of intermediate 
lengths. The SBS emission, stable and therefore monomode near the threshold, 
changes to unstable for sufficiently high pumping levels. 
For a given fiber length, the Fabry-Perot FSR is half that of the ring cavity. 
Thus, if the two resonators had the same quality factor, the critical length 
characterizing the Fabry-Perot would be half that of the ring laser (i.e., 24 m). In 
the numerical simulations used in the modal analysis [51], however, the Fabry-
Perot quality factor is much lower than that of the ring cavity so that the strong 
overlapping between modes then favors their competition and the critical length is 
reduced (< 24 m). It is evident that the "Brillouin mirror" regime may be reached 
by sufficiently increasing the pumping level for any fiber length.  
In the next section, the generation of BFL in a ring cavity will be 
discussed. We propose a new ring-cavity configuration which can result in higher 
BFL power in comparison to the traditional one [59]. Then we pay attention to our 
work in the linear cavity BFL generation in which Bragg gratings can also be used 
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instead of the mirrors [60]. In addition, a new linear cavity configuration is 
proposed to generate high power linear cavity BFL will be discussed in which the 
generation of the enhanced BFL will be explained by proposing a new linear 
cavity configuration in fiber optics [61].  
3.3.1 Brillouin Fiber Lasers in Ring Cavities 
            Great efforts have been spent to improve Brillouin ring fiber lasers 
(BRFLs) and to study their spectral properties due to increasing interest in optical 
fibers [62]. Stimulated Brillouin scattering in a continuous wave-pumped low-
finesse fiber ring resonator is called BFRL when the closed-loop gain exceeds 
unity so that Brillouin amplification overcompensates the ring cavity loss. Thus, a 
cavity length of several meters is required to obtain threshold power in the 
milliwatt range by preparing the SBS nonlinear gain. The bandwidth of the 
Brillouin gain is very narrow, typically from 20 to 50 MHz for the wavelength in 
the near infrared region in single-mode fibers [63]. As soon as the cavity length 
exceeds a few meters long cavities result in narrow resonance in the frequency 
domain of cavity modes with sub-Megahertz linewidth. In addition, sub-Megahertz 
linewidth of cavity modes is also observed as soon as the cavity length exceed a 
few meter. Narrowing linewidth is observed in Brillouin Stokes as soon as input 
Brillouin pump power exceeds the Brillouin threshold power [23]. Therefore, 
BFLs are generally constructed in an all-fiber, high-finesse ring-resonator 
arrangement to achieve low laser threshold and efficient operation [64]. BRFLs 
have attracted considerable interest because of their varied type of dynamic 
behavior [65-70].One of the most important features of BFRLs is the existence of 
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periodic intensity modulation called self-pulsing in the created Brillouin Stokes 
signal [65]. 
 When studies of BRFLs were first formulated, no information about the 
instability of SBS was given since the transient effect of the acoustic wave and 
optical Kerr effect inducing self- and cross-phase modulations were neglected in 
this model [71]. A more realistic formulation of the fiber ring laser was given by 
the coherent three-wave model which was considered in Eqs. (2.66) and (2.67) 
[56], [72]. Then, the acoustic damping was taken into account and a Hopf 
bifurcation between steady and pulsed regimes was evident [66]. It is also reported 
that SBS instabilities including periodic, quasi-periodic and chaotic oscillations 
may arise only when the length of the fiber cavity is large enough [65], [69]. 
Moreover, by using a short fiber in a high-finesse cavity, it is generally considered 
that the SBS instability, especially the self-pulsing phenomenon may be 
suppressed [69]. Therefore, the physical origin of the instabilities in a BFRL is 
attributed to the existence of a large number of longitudinal modes beneath the 
Brillouin gain curve rather than to the optical Kerr effect [54], [58]. Moreover, it is 
generally considered that the SBS instability, especially the self-pulsing 
phenomenon may be suppressed by the use of a short and high-finesse cavity [58]. 
In such a cavity, the threshold of SBS would be greatly reduced [73], [74] and the 
transient Stokes intensity in the ring could significantly exceed the steady-state 
value [71]. 
In most of the previous papers about the SBS effect in a fiber ring 
resonator, both the pump and Stokes waves have been assumed to be resonant 
within the cavity. The linear phase detuning of the cavity for either the circulating 
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pump wave or Stoke wave has been investigated [67],[68]. In fact, the difference 
between the total linear phase p  (accumulated by the pump wave) and 
s (accumulated by the Stokes wave) per round trip of the cavity is much larger 
than the magnitude 2  even if the length of the fiber resonator is several 
centimeters. In a high-finesse ring resonator, since the circulating pump power 
depends strongly on the linear phase detuning of the cavity, the difference between 
p  and s  must be considered in the theoretical calculation.  
The two configurations for generating BRFL are demonstrated in Fig 3.12. 
In optical fibers, since the frequency shift of the Brillouin Stokes vanishes in the 
forward direction which is the direction of the Brillouin pump (BP) propagation, 
according to Eq. (2.71), Brillouin Stokes propagates only in the backward 
direction due to the SBS feature in optical fibers.  In this study, a new BFRL 
cavity configuration is proposed using components similar to the conventional 
BFRL cavity, but the new cavity results in a higher output BFRL power as 
compared to the conventional BFRL. The experimental setup for the conventional 
BFRL configuration is shown in Fig. 3.12 (a) in which a 3-dB coupler and a 25 km  
single-mode fiber (SMF) act as a ring resonator. The anti-clockwise propagating 
BFRL is routed to the Optical Spectrum Analyzer (OSA) via the 3 port optical 
circulator. Fig. 3.12 (b) shows the proposed configuration, which uses components 
similar to the conventional configuration. In this configuration the resonator 
consists of the same optical circulator, the coupler and the SMF. However, in this 
configuration, the coupler placed between the SMF and the port 3 of the optical 
coupler extracts only the counterclockwise output BFRL power detected by the 
OSA. The SMF which is spliced between ports 2 and 3 of the optical circulator 
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through the coupler generates the BFL ring resonator. The SMF is 25 km in length 
and has a cut-off wavelength of 1161 nm with a zero dispersion wavelength of 
1315 nm and a mode field diameter of 9.36 µm at 1310 nm. Both BFRLs are 
pumped by an external cavity tunable laser source (TLS) with a maximum power 
of approximately 5 dBm. In the Fig. 3.12 (b), the Brillouin pump (BP) with the 15 
MHz linewidth is injected into the SMF from port 1 through port 2 of the optical 
circulator in a clockwise direction. The backward-propagating SBS generated 
oscillates inside the resonator in anti-clockwise direction to generate the Brillouin 
laser, which is coupled out using a 3-dB coupler. The optical circulator which 
protects the TLS from any BP reflection is also used to force the unidirectional 
operation of the laser in the cavity although SBS in the SMF propagates only in the 
backward direction due to the SBS feature. The laser output is characterized using 
an Optical Spectrum Analyzer (OSA) with a resolution of 0.015 nm. All the 
components are spliced due to the extremely small splice loss.   
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Fig. 3.12: Experimental set up for the generation of (a) a conventional BFRL and 
(b) the proposed new configuration BFRL [59]. 
 
The results are shown in Fig. 3.13 which compares the output spectrum for the 
conventional BFRL and the proposed new BFRL configuration. The 3-dB coupler 
(50-50) allows half of the light to oscillate in the cavity and another half to couple 
out as the output of the BFRL. Both BFRL configurations generate a Brillouin 
laser at around 1550.1 nm, which is 0.08 nm longer than the BP wavelength. The 
anti-Stokes signal is also observed at a shorter wavelength due to four-wave 
mixing between the BP wave and the Brillouin Stokes wave. The proposed BFRL 
configuration of Fig. 3.12(b) shows an output peak power of -0.5 dBm, which is 
5.7 dB higher compared to the conventional configuration in Fig. 3.12(a). The 
anti-Stokes signal also shows a 1.8 dB increment in signal power. Even though the 
cavity loss is smaller in the conventional configuration due to using only the SMF 
and the coupler in the ring resonator, the proposed configuration is configured 
such that the SMF receives more BP power. In other words, the higher BP power 
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generates higher back-propagating Brillouin Stokes power and the Brillouin gain 
in the cavity. Therefore the BFL and the SBS anti-Stokes powers are higher in the 
proposed BFL configuration as compared to the conventional BFL configuration. 
The Brillouin crosstalk effect also causes the anti-Stokes and BP Rayleigh 
reflection power to be transferred to the BFRL power.   
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Fig. 3.13: The comparison of the BFRL output spectrum between the conventional 
configuration (a) and the proposed configuration (b) shown in Fig 3.12 [59]. 
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Fig. 3.14 shows the BFL output spectrum of the proposed new 
configuration of Fig. 3.12 (b) at the different output coupler ratios. The BP power 
is fixed at 5.5 dBm and the length of SMF is 25 km in all the measurements. The 
line spacing is approximately 0.08 nm in the wavelength domain and 11GHz in the 
frequency domain, as measured by an optical spectrum analyzer with a resolution 
of 0.015 nm. The 3-dB bandwidth of each BFRL line is less than 0.02nm, limited 
by the OSA resolution. However, the bandwidth measurement will be done by 
using the heterodyne method which will be explained in section 3.3. As shown in 
Fig. 3.14, the laser peak power is increased by decreasing the output leg power 
ratio due to the increasing BP power which reaches the SMF. However, the output 
BFRL peak power decreases as the output leg power ratio decreases by 20%. This 
is attributed to the saturation of the Brillouin Stokes power and the small amount 
of light being extracted out of the cavity by reducing the coupler ratio. The 
maximum output power was observed at 0.5 dBm with an output coupler of 20-80 
ratio, where 80% of the light is allowed to oscillate in the cavity and 20% of the 
light is coupled out as output, as shown in Fig. 3.14 [59]. 
 
 
Ch.3: Generation of Brillouin Fiber Lasers (BFLs) and Multiwavelength BFLs 
(MBFLs) and Their Performance 
 
89 
 
-80
-70
-60
-50
-40
-30
-20
-10
0
1549.5 1549.75 1550 1550.25 1550.5
Wavelenght (nm)
P
o
w
e
r 
(d
B
m
)
50-50 Coupler
20-80 Coupler
10-90 Coupler
5-95 Coupler
 
 
-20
-15
-10
-5
0
5
1550.04 1550.06 1550.08 1550.1 1550.12 1550.14
Wavelength (nm)
P
o
w
e
r 
(d
B
m
)
50-50 Coupler
20-80 Coupler
10-90 Coupler
5-95 Coupler
 
Fig. 3.14: (a) The BFRL output comb at different output coupler ratios. (b) The 
enlarged figure of the output peak region is shown for the comparison [59]. 
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3.3.2 Generation of Brillouin Fiber Lasers in Linear Cavities 
Previous BFLs have been set up using ring cavities and a few BFLs, so far, 
have been presented using a linear configuration. This is due to the fact that 
conventional-linear-cavity BFLs suffer from some problems such as the generation 
of higher-order Stokes and anti-Stokes waves. In the following, we will discuss the 
linear cavities and propose some linear configurations in order to solve the 
problems.   
In a linear cavity, additional feedback from the boundaries is known to give 
rise to periodic temporal structures in the experiment [75], [76]. In this paper, we 
demonstrate a new BFL design with a linear cavity. A stable BFL was obtained at 
a wavelength of 0.08 nm from the pump wavelength 1550 nm through the careful 
optimization of the output coupling ratio and the employment of a suitable 
reflector. The performance of the BFL is done by using different reflectors such as 
optical circulators and FBGs. 
 The experimental setup is shown in Fig. 3.15 whereby the linear cavity is 
formed by two optical circulators in configuration (a), a circulator and a fiber 
Bragg grating (FBG) in configuration (b) and only a FBG in configuration (c). 
Here, the SMF characteristics are as the one used before in BFRL generation. The 
SMF is pumped by the Brillouin pump (BP) which is an external cavity tunable 
laser source (TLS) amplified by an Erbium-Doped Fiber Amplifier (EDFA). The 
maximum power of the amplified BP is approximately 14.5 dBm and the BP is 
injected into the SMF via a 3-dB coupler in the forward direction. The generated 
backward-propagating SBS oscillates inside the resonator to generate the BFL, 
which is coupled out via the coupler and the output laser is characterized using an 
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OSA with a resolution of 0.015 nm. The experiment is carried out using three 
different couplers ratios; 50/50, 95/5 and 99/1. For each coupler, the port of the 
lower ratio is connected to the OSA. 
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Fig. 3.15: Experimental set up for generating linear cavity Brillouin fiber lasers by 
using (a) two optical circulators, (b) a circulator and a fiber Bragg grating (FBG), 
and (c) a FBG [60].   
 
 
 
In Fig. 3.16, the BFL output spectrum is demonstrated by using different 
coupler ratios in the configuration (a) of Fig. 3.15 with the BP power of 14.5 dBm. 
If the total Brillouin gain is equal to or higher than the cavity loss, BFL laser 
oscillation can be formed between the two optical circulators. As shown in Fig. 
3.16, the BFL is generated with 99/1 coupler, which contributes to higher injected 
BP power into the SMF and lower cavity loss. However, the laser cannot be 
generated with a 50/50 coupler due to the injected BP into the SMF which is lower 
than SBS threshold and the high loss in the cavity. The highest peak is obtained 
with a 99/1 coupler which has the lowest cavity loss.  
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Fig. 3.16: The BFL output spectrum for different coupler ratios used in a linear 
cavity configuration (a) shown in Fig. 3.14 with the BP power of 14.5 dBm [60]. 
 
 
Fig. 3.17 shows the output spectra of the linear-cavity BFL for each of the 
mentioned configurations. In this experiment, the coupler ratio is 99/1 and the BP 
power fixed at 14.5 dBm. The coupler ratio 99/1 is the best ratio for BFL 
generation according to result obtained in Fig. 3.16. As shown in Fig. 3.17, the two 
simultaneous lines are obtained with the BP line at approximately 1550.011 nm 
and the BFL line at approximately 1550.094 nm. The laser is generated by the 
Brillouin gain which is provided by the 25 km SMF. As the BP is coupled into the 
SMF, the Brillouin Stokes signal is generated at a frequency shifted by 
approximately 0.083 nm due to the Brillouin scattering effect. The Stokes 
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propagates in the opposite direction of the BP and travels to the circulator, acting 
here as a reflector, before it is rerouted back into the SMF by the circulator. The 
amplified Stokes then travels back to the other side of reflector and this oscillation 
continues to generate the BFL. The use of an FBG instead of an optical circulator 
in configurations B and C also increases the output power of the laser as shown in 
Fig. 3.17. The highest output power is obtained with the use of only one FBG as in 
configuration C. This is attributed to the reduced loss in the cavity due to the FBG. 
The FBG used in the experiment has a reflectivity of more than 99.5% at a 
wavelength region from 1525 to 1560nm. This contributed to a loss of less than 
0.1 dB as compared to the circulator loss which is approximately 1 dB. The 
maximum laser peak power is obtained at -4.5 dBm.  
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 Fig. 3.17:  The BFL output spectrum for the different linear cavity configurations 
at an input BP power of 14.5 dBm [60]. 
 
 
The proposed linear configurations demonstrate new linear-cavity designs 
for the BFL generation. Stable BFL operation was obtained at an up-shifted 
wavelength of about 0.08 nm from the pump wavelength through the careful 
optimization of the output coupling ratio and employment of a suitable reflector. 
An efficient and low cost linear cavity Brillouin fiber laser (BFL) is demonstrated 
using only a single fiber Bragg grating (FBG) as a reflector. The laser peak is 
obtained at -4.5 dBm with a Brillouin pump of 14.4 dBm. The use of a 99/1 optical 
coupler shows the highest output due to the low loss in the cavity [60].  
Fig. 3.18 shows the BP power against the peak power for the both 
transmitted BP and output BFL. In the experiment, configuration C of Fig. 3.15 
was used in conjunction with the 99/1 coupler.  
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Fig. 3.18:  The transmitted BP and BFL peak power in the output of the     
configuration (c) of Fig. 3.15 against the injected BP peak powers [60]. 
 
 
As shown in this figure, the peak power of the both BP and BFL increases with the 
BP power. The threshold of the stimulated Brillouin scattering (SBS) is 
approximately 6 dBm as shown in Fig. 3.18. The SBS increases as the BP power 
increases and starts to saturate at approximately 9.5 dBm. The Brillouin gain is 
higher than the cavity loss at a BP above 12 dBm, so that the BFL has been 
generated and increases with the BP power. As shown in Fig. 3.18, the BFL is 
always lower than the BP output. Some research has been done to solve this 
problem in order to improve high power conversion in the BFL generation and to 
create high power BFL [77], [78]. In this research, a new design for linear cavities 
is demonstrated in which the BFL peak power can be higher than the transmitted 
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output BP peak power [61]. In addition, the generated BFL has higher power in 
comparison to the conventional design by using the same BP power. In other 
words, very high conversion power efficiency occurs which is new in this field 
[77],[78],[61]. Stable operation of the BFL is obtained at an up-shifted wavelength 
of about 0.086 nm from the pump wavelength.  
The proposed linear cavity configuration is shown in Fig. 3.19 whereby the 
linear cavity is formed by two optical circulators (OC1 and OC2), a 3-dB coupler 
and a 95/5 coupler located between ports 3 and 1 of OC1 and OC2, respectively. 
As before, a 25 km long SMF is used as a gain medium with an attenuation 
coefficient of 0.19 dB/km at 1550 nm. The BP is injected into the SMF via the 3-
dB coupler and OC1 in a forward (clockwise) direction at 0z  as indicated in 
Fig. 3.19.  
 
 
 
 
 
 
 
 
 
 
Fig. 3.19: Experimental setup for the proposed conventional linear cavity [61]. 
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The 13 dBm BP is injected into the SMF via the 3-dB coupler and OC1 in 
a forward (clockwise) direction at 0z  as indicated in Fig. 3.19. The first 
backward-propagating Stokes, initiated at Lz   from  spontaneous Brillouin 
scattering or seed signal, oscillates inside the resonator to subsequently generate 
the BFL and the second-order forward-propagating Brillouin stokes which is starts 
at 0z   through cascaded SBS coupled out via the 95/5 coupler. This coupler 
also suppresses higher-order anti-Stokes and Stokes generation. The first anti-
Stokes arises due to four-wave mixing (FWM) between the co-propagating BP and 
BFL photons. The output laser is characterized using an OSA with a resolution of 
0.015 nm. 
Fig. 3.20 compares the output BFL spectrum of the proposed configuration 
and the conventional configuration. As shown in Fig. 3.20, for the proposed 
configuration, two Stokes lines at approximately 1550.101 nm and 1550.187 nm, 
and one anti-Stokes at approximately 1549.929 nm are obtained around the 
oscillated BP at approximately 1550.015 nm whereas we have only the first Stokes 
in the conventional cavity. However, the first Stokes peak power in the proposed 
configuration is about 12.3 dB higher than that one resulting in the use the 
conventional scheme. Also, the BFL peak power is about 0.5 dB higher than the 
transmitted BP peak power which is a new occurrence encountered in this field 
[77], [78]. 
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Fig. 3.20:  The output spectra for the proposed and conventional configurations at 
a BP power of 14.4 dBm [61]. 
 
 
Indeed, the generated spectrum is a dual–wavelength Brillouin fiber laser source 
with the channel spacing 0.08 nm. In the following, the generation of 
multiwavelength Brillouin fiber lasers will be discussed. 
 
3.4  Generation of Multiwavelength Brillouin Fiber Lasers (MBFLs) 
Brillouin fiber lasers (BFLs) have attracted wide attention due to their low 
threshold and high power conversion efficiency. Among all BFL applications, 
multiwavelength Brillouin fiber lasers (MBFLs) also known as cascaded Brillouin 
fiber lasers are able to provide multiple lasing wavelengths which are very useful 
for wavelength-division-multiplexing (WDM) and dense WDM (DWDM) in 
optical transmission systems [49], [73], [79].  In pervious WDM and DWDM 
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systems, separate semiconductor laser sources had been utilized for each channel 
which required individual wavelength control [80]. The advantages of the MBFLs 
as sources in WDM and DWDM systems is that channel allocation is done 
automatically by the Brillouin shift determined by the characteristic properties of 
the single-mode fiber. The static and dynamical behaviour of MBFLs have been 
investigated [81], [82], [83]. The generation of Brillouin lasing wavelengths with 
the assistance of Erbium-doped fiber amplifies (EDFA) have been reported [84], 
[85]. By using an EDFA in the cavity, the loss can be compensated while still BFL 
action originates from the Brillouin gain. However, one of the disadvantages of 
this method is EDFA operational wavelength limitation as it will be discussed in 
the next chapter.  
In the following section, we will discuss the MBFLs generation as a 
method which is not limited to a special wavelength region.   
3.4.1 Generation of MBFLs in Ring Cavities 
 In this section, the proposed MWBFL utilizes simple components as a 25 
km single-mode fiber (SMF) used as the Brillouin gain medium, fiber couplers and 
an optical circulator to generate necessary feedback for multiwavelength BFL in a 
ring cavity. Bidirectional multiwavelength operation is obtained, with 20 GHz 
multiwavelength operation corresponding to the case that even and odd order 
Stokes waves of BFLs are discriminated in the forward and backward direction 
respectively. However, 10 GHz BFL optical comb generation can be obtained by 
the backward and forward combination [86]. 
The proposed configuration of the multi-wavelength BFL is shown in Fig. 
3.21. The elements of the cavity are a 3 dB coupler (2x2), C1, another 3 dB 
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coupler (1x2), C2, a 4-port optical circulator, OC, and a 25 km SMF as the gain 
medium. The SMF has a cut-off wavelength of 1167 nm with a zero dispersion 
wavelength of 1315 nm and a mode field diameter of 9.36 μm. The BFL is 
pumped by an external cavity tunable laser source (TLS) with a linewidth of 
approximately 15 MHz which is amplified by an erbium-doped fiber amplifier 
(EDFA) to provide the maximum power of 14 dBm at an output wavelength of 
1560 nm, which in this case is the Brillion Pump (BP).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig. 3.21: The proposed experiment setup for generation 10 and 20 GHz comb. 
 
 
    
 
The 25 km SMF in Cavity 1 is pumped by the BP that generates the first 
Stokes that travels in the clockwise direction of Cavity 1 and is emitted at Leg 2 
into the second cavity. This provides the required feedback for Cavity 1 whereby 
this first Stokes travels back into this cavity through Leg 4 and Leg 1 of coupler 
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C1. This first Stokes will experience amplification from the 25 km SMF acting as 
a Brillouin gain medium. At the same time, this first Stokes will act as the pump 
that will generate the second Stokes in the anti-clockwise direction and will 
oscillate in Cavity 1 until it gains enough power where a portion of this power will 
be emitted at Leg 4 and will travel in Cavity 2 to be emitted as Output 1 (even 
Stokes) at Port 4 of the OC. The first Stokes (odd) will be emitted at Output 2 of 
C2. This process repeats to produce the subsequent odd and even Stokes as 
mentioned in this experiment. From Fig. 3.21, the odd Stokes can oscillate in both 
cavities, but the even Stokes will only oscillate in Cavity 1 whereby Cavity 2 
provides the means for output extraction.  
The BP beam of frequency ωp generates the first backward propagating Stokes 
signal of frequency ω1s, a Brillouin frequency down-shifted by ΔωB with respect to 
the pump beam (i.e., ω1s= ωp - ΔωB). Then the first Stokes generates the second 
Stokes which propagates in the opposite direction, as explained earlier in the above 
section. If a threshold condition is satisfied, this will generate a cascading 
Brillouin effect as a comb of lines as shown in Fig. 3.22. From the figure, the 
spacing between two consecutive even or odd Stokes lines is about 0.16 nm (~20 
MHz in 1560 nm region). Those lines before the BP line are anti-Stokes lines. This 
occurs when the various Stokes waves interacts with the pump wave which 
generates these anti-Stokes through the degenerate FWM process.  
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Fig. 3.22: Comb generation with 0.16 nm (~20 GHz) between two consecutive 
lines in forward and backward directions [86].  
 
  
By combining the two ports, Output 1 and Output 2, we have a multi-
wavelength BFL generation with the spacing 0.08 nm (~10 GHz), between each 
two adjacent lines as shown in Fig. 3.23. Although there is a power variation 
between the subsequent Stokes lines, using a gain flattening filter such as the long-
period fiber gratings as a suggestion may help to improve and flatten this output, 
thus making it possible to use this system as a multiple-wavelength output source. 
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Fig. 3.23:  8 line spacing 0.08 nm (~10 GHz) of BFL Comb Generation [86]. 
 
From Fig. 3.23, the peak power of odd and even Stokes and anti-Stokes lines 
can be measured for different BP powers. These measured peak powers are 
depicted in Fig. 3.24 for the Stokes and Fig. 3.25 for the anti-Stokes respectively. 
By using the definition (8) in Section 3.1.3 for the SBS threshold power, the 
threshold condition of each Brillouin Stokes lines can be defined as the 
intersection point between the reflected BP power and the Stokes output as shown 
in Fig. 3.24. The reflected BP power is taken from the backward BP Rayleigh 
scattering as indicated in Fig. 3.22 for each different BP power. Also, as shown in 
Fig. 3.24, the Stokes lines begin to saturate as the BP power increases. For 
instance, the second Stokes line saturates as the threshold for third Stokes is 
reached. This is due to the power transfer from the second Stokes to the third 
Stokes, which occurs at when the BP power is approximately at 6.5 dBm. The 
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same thing can be said for the third and fourth Stokes at 10 dBm of the BP, which 
is the threshold of the fourth Stokes.  
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Fig. 3.24:  Reflected Brillouin pump and Brillouin Stokes (BS) power against BP 
power [86]. 
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Fig. 3.25:  Anti-Stokes Power against BP Power [86]. 
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Fig. 3.25 shows the output peak power of the 1st, 2nd, 3rd and 4th anti-Stokes 
at different BP powers. For the case of the first Stokes, the peak power of the first 
anti-Stokes increases linearly with the BP power, but at approximately 13 dBm, 
the peak power increases significantly. The same effect is observed in the second 
anti-Stokes, in which the power rises linearly with the increase of the BP until the 
BP is approximately 13 dBm, whereby the peak power rises significantly. The 
third and fourth anti-Stokes also shows the same effect, rising linearly with the BP 
until a BP power of 14 dBm, whereby the rise becomes significant [86].  
3.4.2 Generation of MBFLs in Linear Cavities 
In this section, a new multi-wavelength Brillouin Fiber Laser (BFL) is 
demonstrated by using a single-mode fiber (SMF) as the SBS gain medium in a 
linear cavity. The output multi-wavelength lines are obtained through careful 
optimization of the output coupling ratio and the employment of an optical 
circulator as a reflector. 
The configuration of the multi-wavelength linear cavity BFL is shown in Fig. 3.26. 
The Brillouin gain medium is as before the standard 25 km long SMF with cut-off 
and zero dispersion wavelengths of 1315 nm respectively and a mode field 
diameter of 9.36 µm. The laser signal generated from an external cavity TLS and 
amplified by an erbium-doped fiber amplifier (EDFA) is used as the Brillouin laser 
pump (BP). Here, the BP has a maximum power of approximately 12 dBm with a 
linewidth of approximately 20 MHz. Two optical circulators, OC1 and OC2, 
together with the couplers C1 and C2 act as reflectors in the linear cavity as shown 
in Fig 3.26. The left side reflector has a coupler (C1) with a fixed ratio of 50/50 
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with one end connected to the BP. The right side reflector coupler (C2) has a 
variable ratio, with the lower percentage end connected OSA.  
 
 
 
 
 
Fig. 3.26: The proposed linear cavity for MBFL generation [112]. 
 
The BP is injected into the linear cavity via C1 and OC1. Then, it is 
coupled into the SMF to generate the first Stokes signal propagating in the 
opposite direction of the BP signal. The first Stokes travels to OC1 and is re-
circulated back into the SMF to be amplified and then moves towards OC2 and is 
reflected back to complete a round-trip oscillation. This oscillation continues until 
the intensity of the first Brillouin Stokes is higher than the threshold value for 
Brillouin gain, upon which the second Brillouin Stokes is generated and then 
begins to oscillate in the cavity. This process continues and subsequently cascaded 
Brillouin Stokes can be generated as long as the Brillouin gain is equal or larger 
than the cavity loss. The multi-wavelength output has a line spacing of 
approximately 10 GHz, which is equivalent to the Stokes shift in the SMF. The 
output of the linear cavity BFL is tapped from port A of variable ratio coupler C2, 
and is measured using the OSA. The coupling ratio of port B of C2 is varied from 
70% to 99% (70, 80, 90, 95 and 99%) based on the availability of couplers with 
these ratios during the experiment. 
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 The impact of the coupling ratio of C2 on the performances of the BFL is 
depicted in Fig. 3.27. In the experiment, the BP wavelength and power is fixed at 
1550 nm and 11.7 dBm, respectively. As shown in Fig. 3.27, more than 9 
simultaneous lines are obtained with the line spacing of approximately 0.08 nm for 
all coupling ratios even though only about 5 lines have nearly the same peak 
power. The 3-dB bandwidth of each line is lower than 0.02 nm, limited by the 
OSA resolution. The coupling ratio of C2 controls the amount of light that has 
been reflected from OC2. A higher ratio of Port B translates to a higher reflectivity 
at OC2.  In the experiment, the minimum coupling ratio of port B is set at 70%, as 
below this value the reflectivity is very low, which increases the loss inside the 
laser cavity and thus least number of Stokes and anti-Stokes are observed. At the 
port B ratio of 95%, 11 simultaneous lines are obtained, which is the highest 
number of lines and 5 of these lines have a peak power of about -20 dBm. The 
signal to noise ratio is also largest at this ratio especially at the lines with low peak 
power. This is attributed to the high reflectivity at OC2 which subsequently 
reduces the loss inside the cavity to support the cascading process.  
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Fig 3.27: Output spectrum of the linear cavity MBFL at using the various output 
ratios for port B of OC2 [112].  
 
 
The impact of the BP power on the number of Stokes generated by the MBFL is 
depicted in Fig. 3.28. The BP wavelength is also set at 1550 nm, while the BP 
power is varied from 4.1 dBm to 11.7 dBm. The experiment is not continued for 
BP powers below 4 dBm since the SBS gain cannot sufficiently compensate for 
the loss inside the laser cavity and thus cannot support multi-wavelength 
operation. The number of generated Stokes is observed to increase as the BP 
increases which is attributed to the increment of the nonlinear Brillouin gain with 
BP power. This situation provides sufficient signal power for higher order Stokes 
signal to pump the SMF and maintain the cascading of the Stokes into multiple 
Stokes. The BEFL also generates anti-Stokes as shown in Figures 3.27 and 3.28, 
especially at the higher BP powers. The anti-Stokes signals arise from the 
Ch.3: Generation of Brillouin Fiber Lasers (BFLs) and Multiwavelength BFLs 
(MBFLs) and Their Performance 
 
110 
 
bidirectional operation and degenerate four-wave mixing in the SMF and they are 
more obvious when the powers of BP are increased. Additionally, the power of 
subsequent Stokes lines is typically lower than that of the previous Stokes line as 
each subsequent Stokes is generated with the energy of the previous Stokes, thus 
slightly reducing the Stokes line‟s power. The multiwavelength output of the BFL 
is observed to be stable at room temperature with only minor fluctuations observed 
coinciding with large temperature variances. The MBFL has an advantage of being 
able to operate at any wavelengths depending on the availability of BP. The MBFL 
design can be made more compact with the use of highly non-linear fibers such as 
holey fibers for the generation of SBS.  
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Fig. 3.28: The output spectrum of the proposed MBFL at different BP powers 
[112].  
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3.5  Linewidth Measurements Using Brillouin Fiber Lasers 
Information can be transmitted by modulating the frequency or the phase of 
the optical carrier signal in lightwave systems [87-92]. These systems are also 
known as coherent lightwave systems in which the detection is done by using 
homodyne or heterodyne detection due to the important role of the phase 
coherence in the optical carrier. The basic concept behind coherent detection is the 
coherent combination of the optical signal with a continuous wave (CW) optical 
field before the detection as shown in Fig. 3.29. The CW field, known also as a 
local oscillator (LO) in the radio and microwave literature, is generated locally at 
the coherent detection receiver by using a narrow-linewidth laser.  
 
 
 
 
 
     Fig. 3.29: Homodyne and Heterodyne detection for linewidth measurements 
 
The operation behind these techniques can be explained readily. The signal 
interferes with the LO which is a CW laser in a coupler (C) and the resulting beat 
response is detected by a photodetector. This beat frequency which is in the radio 
frequency (RF) region can be analyzed by an RF spectrum analyzer (RFSA). The 
laser linewidth is usually inferred from the width of this beat spectrum. The optical 
signal can be written as  
                                             )]texp[-i(A s0ss                                          (3.8) 
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in which 
0 , sA , and s are the angular frequency, amplitude and the phase of the 
signal, respectively. The optical field of the local oscillator is also expressed 
similarly by  
                                          )]texp[-i(A cwcwcwcw                                      (3.9)  
with the assumption that the two fields are identically polarized. For any detection, 
a photodetector responds to the optical intensity so we have to know the incident 
optical power at the photodetector. It can be shown as  
                   )tcos(PP2PPkP(t) cwscws
2
cws   IF              (3.10) 
where k is a factor indicating the photodetector respond, ,kAP 2ss  and 
2
cwcw kAP   denote the powers of the signal and the CW, respectively and  
cws    is the phase difference between the two sources. )( 0 cwIF    
is known as the intermediate angular frequency (IF). If the CW power cwP  is much 
larger than the signal power sP , the first term can be ignorable. The second term 
represents a large continuous signal which carries no information but does provide 
a shot noise or a white noise contribution. Basically, there are two different 
coherent detection techniques; the homodyne and heterodyne detection methods, 
depending on whether IF  equals zero or not. These detection methods can be 
used for the linewidth measurements which will be discussed next. 
3.5.1 Linewidth Measurements- Homodyne and Heterodyne Methods 
   In a homodyne linewidth measurement, a signal is mixed with a time-
delayed replica of itself to generate the beat frequency detected by RFSA. Fig. 
3.30 shows the configurations for the homodyne linewidth measurement by using 
an unbalanced Michelson interferometer in (a) a common and (b) a traditional 
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configuration, respectively. The optical path difference in the fiber interferometer 
is used to generate the beat frequency. The laser beam is split into two parts. One 
is the local oscillator and the other is sent to the system to be probed. The scattered 
light is then mixed with the local oscillator on the detector. The photo detector 
(PD) and radio frequency spectrum analyzer (RFSA) are used for the beat 
frequency detection and C and M also denote a coupler and a mirror, 
respectively..This arrangement has the advantage of being insensitive to 
fluctuations in the frequency of the laser. This method can be used to evaluate the 
coherent length of a laser [93]. This method is sensitive to environment 
perturbations and the intrinsic loss of the fiber must be considered for the 
linewidth measurements. Figs 3.31 (a) and (b) show a more effective way of 
homodyne linewidth measurement by using the ring [94], [95] and the Fabry-Perot 
cavity [96], respectively. These configurations use a shorter delay fiber due to 
some roundtrip oscillation of the laser beam in them whereas the resolution is the 
same as the basic one shown in Fig. 3.30. The resolution of such a measurement is 
given by the finesse of the interferometer while the largest quantifiable linewidth 
depends on the free spectral range of the instrument. Commercially, recently 
Fabry-Perot interferometers have finesse between 100 and 1000, and free spectral 
ranges between a few 100 MHz to 10 GHz. Thus, Fabry-Perot interferometers are 
suitable for laser linewidth measurements of the order of MHz to a few GHz. Also, 
grating spectrometers can measure a spectral width in the region of 10 GHz to 100 
GHz. In Fig. 3.30 (a), the laser beam is separated into two by the coupler and a 
long fiber spliced in one of the ways in order to delay the beam propagating in it. 
Then the last coupler combines the two beams in order to generate the beat 
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frequency which in turn will be detected by the photodetector and will be analyzed 
by the radio frequency spectrum analyzer (RFSA). In the traditional homodyne 
detection, however, two mirrors are used for reflecting the delayed laser light and 
the original one. Here the two optical circulators perform the same function as the 
mirrors when ports 2 and 3 are connected to each other. The combination of the 
reflected beams is done at the same coupler used for the separation of the original 
laser. The same process occurs in the other configurations shown in Figs. 3.31 (a) 
and (b). According to the analysis considered in [96],[97], when the delay time of 
the fiber d  is much larger than the coherence time c , the spectral analysis of the 
self-homodyne signal gives full information about the linewidth of the laser 
radiation. The measured full width at the half maximum (FWHM) or bandwidth 
.hom.s  in the self homodyne method is connected with the laser source linewidth 
L as 
                                                   Lhom. 2   s                                               (3.11) 
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Fig. 3.30: Schematics of the different interferometers used for homodyne 
linewidth measurement of a laser source (LS) with an unbalanced interferometer in 
(a) a common Mach Zhender and (b) a traditional Michelson configurations. 
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Fig. 3.31: The more effective way of the homodyne linewidth measurement of the 
laser source (LS) by using (a) a ring, and (b) a Fabre-Perot cavity. C and OC refer 
to a coupler and an optical circulator, respectively. 
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According to Eqs. (2.2) and (2.3), if the loop has a free spectral range 
(FSR)   and a finesse F, the system can measure the minimum linewidth as 
                                                        
F



                                                    (3.12) 
where  , the FSR can be obtained by  
                                                       
nL
c
                                                     (3.13) 
in which L  is the length of the fiber in the loop and n  is the refractive index of the 
fiber in the loop. In the Fabry-Perot cavity, L2  must be used instead of L in Eq. 
(4.6) due to the distance doubling in a roundtrip. The finesse of the ring cavity can 
be shown to be 
                                        

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2
1
bL
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                                       (3.14) 
where L  and b are obtained as 
                                               )(exp slL                                                 (3.15) 
                                              2
1
2
1
)1()1(  kb                                              (3.16) 
in which   is the loss coefficient of the fiber, s  the loss experienced by the 
electric field at the splices, k  the intensity coupling ratio of the coupler, and   the 
excess intensity loss of the coupler. Since the resolution is proportional to the 
finesse, the resolution is influenced by the coupler strength, the excess loss 
introduced by the couplers, the fiber and the splices [94]. To measure an ultra-
narrow linewidth we have to use a longer fiber and access lower finesse due to 
increased loss in fibers. Using a ring resonator with a free spectral range of 8.5 
MHz, a linewidth 100 KHz corresponding to a finesse value of 85 was obtained. 
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Due to the limitation on the available light source, we have to use longer fibers to 
measure narrower linewidths. In order to compensate the fiber loss, an optical 
amplifier can be placed in the fiber loop. This method is not suitable for the ultra-
narrow linewidth lasers since it needs very long fibers (>10 km). This is a 
drawback for homodyne linewidth measurement; when the coherence time of the 
laser is greater than the storage time of the resonator, there is a limitation on the 
resolution [98]. In addition, the amplitude noise and the phase noise are mutually 
overlapped in this detection; this is also known as the delayed self-homodyne 
detection due to using a laser source.  
Another more effective method for linewidth measurement is the 
heterodyne method which can be formally done in two ways. Different setups are 
employed for different linewidth regimes. One method so called the delayed self-
heterodyne measurement is attractive for narrow bandwidth laser measurements in 
the region of a few 100 kHz to 100 MHz. In the simplest way of this method as 
shown in Fig. 3.32(a), an asymmetric Mach-Zehnder is formed in such a way that 
one path is significantly longer than the other. Here, an acousto optical modulator 
(AOM) such as an acousto-optical Bragg frequency shifter is spliced in the longer 
path in order to shift the frequency. Then the delayed-frequency-shifted signal in 
the long path is combined with the signal in the short path by using a coupler. The 
resulting beat frequency can similarly be detected by using a fast-response 
photodiode and an RF spectrum analyzer [99]. By forming a ring resonator as 
shown in Fig 3.32 (b), the effective fiber length can also be increased in the 
heterodyne linewidth measurement as the homodyne counterpart.  
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Fig. 3.32: The delayed-self heterodyne method for narrow linewidth measurement 
of a laser source (LS) using (a) an unbalanced Michelson interferometer and (b) a 
ring cavity. The acoustic optical modulator (AOM) is used to shift the frequency.  
 
This linewidth measurement can be true if the delayed time d imposed in 
the long path is much greater than the laser coherence time c  so that the two fields 
incident on the detector are not coherent. Thus, the validity of this method is often 
cited as [100]: 
                                                              c << d                                                 (3.17) 
where the delayed time d  and the resolution of the interferometric method res  
are related through  
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d =
res
d
c
nL


1
                                            (3.18) 
in which 
dL  is the fiber delay length. 
In other words, the coherence length must be shorter than the fiber length. 
Otherwise, measurements are still possible, but the interpretation of the beat signal 
becomes more difficult and requires intricate data post-processing routines. In fact, 
the analyses are generally based on a white frequency noise spectrum as the 
dominant contribution to the laser linewidth. For diode lasers, this is a valid 
assumption, as the optical linewidth stems primarily from spontaneous emission-
induced refractive index changes in the semiconductor [101]. However, in the case 
of fiber lasers, the spontaneous emission contribution is extremely small, i.e. in the 
region of a few hertz and the linewidth behavior is instead overwhelmingly 
dominated by frequency noise and the linewidth is no longer white-noise in nature, 
but has a low frequency spectrum in the region of kHz [101],[102],[103]. In fact, 
condition in Eq. (3.17) is not sufficient for the delayed self-heterodyne 
interferometer to be accurate when applied to the linewidth measurement of fiber 
lasers since their noise behavior is not frequency-independent [104]. In addition, 
fiber delay lines with lengths 100 km or more are not used commonly in the 
delayed self heterodyne interferometry linewidth measurement due to increased 
propagation losses although a 11 km delay fiber length incorporating an erbium 
doped fiber amplifier for compensating the loss was experimentally demonstrated 
for determining a fiber laser characterization [102],[103]. Measurements on 
narrower laser linewidths around a few hertz or less are accomplished by detecting 
the beat signal of two identical uncorrelated lasers which will be discussed in the 
following section for measuring the linewidth of Brillouin fiber lasers.      
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3.5.2 Application of Brillouin Fiber Lasers for Laser Linewidth 
Measurement  
 Improved laser sources recently indicate narrow linewiths in the sub-
megahertz range with enhanced coherence properties. Among all fiber lasers, the 
linewidth of Brillouin fiber lasers has been experimentally determined in various 
ranges from 3.84 Hz to 2.8 kHz [105], [106],[107]. The ultra-narrow linewidth 
measurement is a challenge because the self- homodyne or self-heterodyne 
techniques require long delaying fibers which is impractical for fiber lasers due to 
propagation losses. However, the laser linewidth measurement can also be done by 
evaluating the beat signal resulting from the interference of the laser with another 
uncorrelated laser as has been done in [105], [106],[107]. This method requires 
another laser either with a comparable well-known spectrum or with an extremely 
narrow and ignorable linewidth. In this thesis, by using the later method, a 
Brillouin fiber laser is applied to measure the linewidth of an uncorrelated tunable 
laser source (TLS) which has two organized wide and narrow linewidths. The 
linewidth of the Brillouin Stokes BS  is proportional to the Brillouin pump 
linewidth p as shown theoretically [108]:  
                                    )
)Ln(v
1(pBS
R
l B


                                    (3.19) 
where B  is the Brillouin gain bandwidth , l  is the fiber length, v the velocity of 
light in the fiber and R  is the coupling ratio. Therefore, a narrow linewidth TLS is 
used to generate a narrow BFL linewidth. By using the narrow linewidth BFL 
instead of the CW laser in the heterodyne configuration as shown in Fig. 3.29, the 
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linewidth of the wide and narrow uncorrelated TLS can be measured. Here, the 
TLS and the narrow BFL are used to replace the signal and CW in Fig. 3.29.  
The experimental setup for generating a BFL is shown in Fig. 3.33 with a 
coupler and a long single-mode fiber (SMF) acting as a traditional ring resonator. 
The BFL is pumped by an external cavity tunable laser source (TLS) which is 
amplified by an erbium-doped fiber amplifier. The maximum power of the 
amplified Brillouin pump (BP) is approximately 14.3 dBm. The BP is injected into 
the resonator from port 1 through port 2 of the optical circulator in an anti-
clockwise direction. The generated backward-propagating SBS oscillates inside 
the resonator in a clockwise direction to generate the backward BFL, which is 
coupled out via a 3-dB coupler. From port 2, the BFL is then routed into an optical 
spectrum analyzer (OSA) through port 3 by the optical circulator. The SMF used 
in the experiment is 25 km in length and has a cut-off wavelength of 1161 nm with 
a zero dispersion wavelength of 1315 nm and a mode field diameter of 9.36 µm. 
The output laser is characterized using an OSA with a resolution of 0.015 nm 
while the linewidth of the laser is measured using a radio frequency spectrum 
analyzer (RFSA) and the heterodyne beat technique [109]. 
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Fig. 3.33: The Experimental set up for generating a Brillouin fiber laser in using a 
Brillouin pump (BP) which is a tunable laser source (TLS) amplified by an EDFA 
in the narrow TLS linewidth setting.  
 
Fig. 3.34 (a) and (b) compares the BFL output spectrum at different BP 
linewidth settings with BP powers of 4.5 dBm and 14.3 dBm respectively. Both 
figures show three simultaneous lines: anti-Stokes at around 1549.9 nm, BP 
reflections at 1550 nm, and BFLs at around 1550.1 nm so that the Brillouin shift is 
about 0.086 nm. The anti-Stokes signal is observed at a shorter wavelength due to 
four-wave mixing between the BP and the Stokes line. Although the anti-Stokes 
power is almost unchanged, the powers of the BP reflections and BFL lines 
increase as the BP power increases due to Brillouin-induced crosstalk between the 
lines [110]. With the BP wide linewidth setting, the BFL power as shown in Fig. 
3.34 (b) is relatively lower as compared to the BP narrow linewidth setting in Fig. 
3.34 (a). 
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Fig. 3.34: The BFL output spectrum for different narrow and wide BP linewidths                                                             
(15 MHz and 124 MHz) at BP power (a) 4.5 dBm and (b) 14.3 dBm [111]. 
 
 
 (a) 
 (b) 
Ch.3: Generation of Brillouin Fiber Lasers (BFLs) and Multiwavelength BFLs 
(MBFLs) and Their Performance 
 
125 
 
For measuring the TLS linewidth, the power of the Brillouin pump (BP) 
and the BFL are set to be equal at around -5 dBm whereas their frequencies are 
slightly different but around 1550 nm to generate the beat frequency. The (2×2) 3-
dB coupler is used to combine the both BP and BFL waves as shown in Fig 3.35. 
The heterodyne beat spectrum between the TLS and the narrow independent BFL 
is shown in Fig. 3.36 for (a) a wide and (b) a narrow TLS linewidth setting, 
respectively. The measured TLS linewidths are obtained at 124 MHz and 15 MHz 
for wide and narrow TLS linewidth setting, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3.35: The experimental setup for heterodyne linewidth measurement of a 
tunable laser source (TLS) by using a Brillouin fiber laser (BFL) in the heterodyne 
technique. 
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Fig. 3.36: Heterodyne beat spectra between the narrow BFL and the TLS at                 
(a) a wide and (b) a narrow linewidth setting which are measured 124 MHz and 15 
MHz, respectively [111]. 
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In order to obtain BFL linewidth, two similar but independent BFLs are 
used to generate the heterodyne beat spectrum using an experimental setup as 
shown in Fig 3.37. A (1×2) 3-dB coupler is used to combine both BFL spectra. As 
before, the two BFLs are the same in power but have slightly different frequencies 
to generate the beat frequency in the detection range of the RF spectrum analyzer 
shown in Fig. 3.37.  
 
 
 
 
           
          
 
   
 
 
 
 
 
 
 
Fig. 3.37: The experimental setup for measuring the BFL linewidth by using two 
independent BFLs in the heterodyne technique. 
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Fig. 3.38 shows the measured beat frequency spectrum at the different BP 
linewidth setting 124 MHz and 15 MHz, respectively. As shown in Fig. 3.38 (a) 
and (b), the BFL linewidth is obtained at about 8 Hz and 24 Hz using the BP 
linewidth 15 MHz and 124 MHz, respectively. The smaller BP linewidth generates 
the smaller BFL linewidth as expected from the theory [108].   
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Fig.  3.38: The heterodyne beat spectra between the two similar independent BFLs 
generated by the TLS linewidths (a) 124 MHz and (b) 15 MHz [111]. 
 
 
 
3.6  Summary 
New BFLs with higher output power in ring and linear cavities are 
proposed. By using the same components and the same BP power 5 dBm, the 
proposed BFRL configuration shows an output BFL peak power of -0.5 dBm, 
which is 5.7 dB higher compared to the conventional configuration [59]. The 
proposed linear cavity BFL configuration has been demonstrated by incorporating 
a 3-dB coupler, a 95/5 coupler, two optical circulators, and a 25 km SMF that 
allows very high conversation efficiency energy from BP to BFL compared with 
the previous works [77], [78]. Stable BFL operation is obtained at an up-shifted 
wavelength of 0.086 nm from the BP wavelength with the BFL peak power at -1 
(b) 
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dBm, which is 12.3 dB higher than the conventional BFL peak power by using the 
same BP peak power 13 dBm. The BFL peak power is about 0.5 dB higher than 
the BP transmitted peak power [61]. As an important application of BFL, the 
generation of MBFLs is also demonstrated by using ring and linear BFL cavities. 
More than 14 and 9 BFL lines are obtained in the ring and linear cavities by using 
BP power 14 dBm and 11.7 dBm, respectively. In the ring cavity, the both 
wavelength spacing 0.08 nm (~10 GHz) and 0.16 nm (~20 GHz) are produced 
with the bi-directional multi-wavelength generation whereas in the linear cavity 
only the wavelength spacing 0.08 nm (~10 GHz) is obtained. These MBFLs are 
suitable for some applications such as WDM and DWDM optical network systems 
and optical sensors. In the generated MBFLs especially in the ring cavity, the peak 
powers of lines are not comparable to each other and the number of lines is also 
depended on using higher BP power. This cause to use a compact Bi-EDFA in the 
BFL cavities to increase number of lines and to generate a multiwavelength 
Brillouin Erbium laser comb with more flatness in the line peak power as will be 
discussed in the next chapter. Nevertheless, MBFLs have the benefit that they can 
be generated at any wavelength by using a simple cavity configuration as soon as 
the BP power is available. In addition, the number of lines in the generated 
MBFLs is comparable to that one in some reported MBEFLs even though we use 
only a laser source (BP).        
In addition, the Brillouin fiber laser has experimentally demonstrated its 
ability for laser linewidth measurements of values less than a few 100 MHz to a 
few Hz regions due to its extra narrow and nearly negligible linewidth. The major 
advantage of this linewidth measurement system seems to be widely independent 
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of the source wavelength by generating the uncorrelated BFL at a fixed frequency 
around the frequency of the source which is the TLS or other independent BFLs in 
this work. The other advantage of this method is its simplicity which only requires 
widely available standard optical components. Although the BFL linewidth has 
been reported to be 3.84 Hz with the BP linewidth at 100 kHz [107], here, BFL 
linewidth is measured at 8 Hz and 24 Hz by using the BP linewidth measured 
about 15 MHz and 124 MHz, respectively [111]. The demonstrated BP linewidth 
is acceptable according to our provided instrument information and the determined 
BFL linewidth reported by the others [106], [107], [108]. 
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 Chapter 4: 
 
Multiwavelength Brillouin Erbium Fiber Laser 
Generation 
 
4.1  Introduction 
 In an optical system, the propagating signal is attenuated by all optical 
components such as the optical and couplers. After some distance, the cumulative 
loss causes the signal to become too weak to be detected. Before the advent of 
optical amplifier, the only option was to regenerate the signal. In other words, 
before the signal becomes too weak, the signal has to be regenerated. This was 
done by regenerators which convert the optical signal to an electrical signal, 
amplify it up electrically, and convert it back into an optical signal for the 
retransmission. Regenerators are suitable for the specific bit rate and modulation 
format applied by the optical system. Optical amplifiers, however, are independent 
on the bit rate or signal formats. Furthermore, having fairly large gain bandwidths, 
optical amplifiers can simultaneously amplify several signals whereas a 
regenerator is required for each special wavelength. Therefore, optical amplifiers 
have become an essential element in high-performance optical systems even 
though they introduce additional noise, and this noise accumulates as the signal 
passes through multiple amplifiers along its path. 
The spectral shape of the gain, the output power, and the transient behavior 
of an optical amplifier are important parameters. A sufficiently high output power, 
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the flat gain over the operating wavelength range, and the insensitive gain to 
variations in input power of the signal are important factors for amplifiers.  
In this chapter, Erbium-doped fiber amplifiers (EDFAs) will be discussed 
and used for increasing number of lines in multiwavelenth Brillouin fiber lasers 
cited in the section 3.3.2. The generated comb is called multiwavelength Brillouin 
Erbium fiber laser (MBEFL).  
 
4.2  Principle of Operation in Erbium-Doped Fiber Amplifiers (EDFAs) 
 An EDFA scheme is depicted in Fig. 4.1. It consists of about 14 m length 
of silica fiber whose core is doped with ionized atoms (ions), Er 3+, of the rare 
earth element erbium. This fiber is pumped using a laser diode, typically at a 
wavelength of 980 nm or 1480 nm. In order to combine the output of the pump 
laser with the input signal, the doped fiber is preceded by a wavelength division 
multiplexing (WDM) coupler. At the output, another WDM coupler is used to 
separate the amplified laser signal (LS) from any remaining EDFA pump signal 
power. As shown in Fig. 4.1, the EDFA is pumped in the forward direction means 
that the EDFA pump signal and the LS are in the same direction. The isolator is 
used at the input and the output to not only prevent the generation of fiber lasers 
by the reflections into the amplifier but also protect LS and EDFA pump from any 
reflection power. 
The EDFA has some benefits in optical systems. Firstly, the EDFA can be used as 
a compact amplifier using reliable high-power laser diodes. Secondly, the fact that 
EDFA is a simple all-fiber device makes it easy to couple light in and out of it 
readily. In addition, the fact that it introduces no crosstalk as a Raman amplifier 
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when it is used as an amplifier in WDM systems.  The crosstalk will be discussed 
in the next chapter for Raman amplifiers. 
 
    
 
  
 
 
Fig. 4.1: An erbium-doped fiber amplifier (EDFA) in forward pumping. 
 
In EDFA, the physical key phenomenon behind the signal amplification is 
stimulated emission of radiation by atoms in the presence of an electromagnetic 
field. This field is an optical signal of the LS in the case of the optical amplifiers. 
According to the principles of quantum mechanics, any physical system is found in 
one of its discrete number of energy levels. However, at thermal equilibrium, 
lower energy levels are more highly populated. Therefore, at thermal equilibrium, 
we have only absorption of the input signal. In order for amplification to occur, we 
must invert the relationship between the populations that prevails under thermal 
equilibrium. The population inversion can be achieved by using EDFA pump 
energy in an EDFA. 
 Three of the energy levels of erbium ions in silica glass are shown in Fig. 
4.2. Each of the energy level that is indicated as a discrete line in an isolated ion of 
Erbium (Er 3+) is split into multiple energy levels when these ions are intended 
into silica glass. This process is termed Stark splitting. Moreover, glass does not 
have a regular structure. Thus the Stark splitting levels are slightly different for 
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individual EDF depending on the local surroundings observed by those ions. As a 
result of the Stark splitting, each discrete energy level of Er 3+ ion spreads into a 
continuous energy level band. In Fig. 4.2, the 980 nm transition corresponds to the 
band gap between the first and the third levels (E1 and E3). The 1480 nm transition 
corresponds to the gap between the bottom of the first band (E1) to the top of the 
second band (E2). In silica glass doped by Er 3+ ions, the set of frequencies that 
can be amplified by stimulated emission from the E2 band to the E1 band 
corresponds to the wavelength range 1525 - 1570 nm. The dashed line shows fast 
decay of ions from the E3 energy level to the E2 by the spontaneous emition. 
 
 
        
 
Fig. 4.2: Three energy level bands in silica glass doped by Er 3+ ions. The energy 
levels are spread into bands by the Stark splitting effect. The upward arrows 
denote wavelengths at which the amplifier can be pumped to excite the Er 3+ ions 
into the higher energy level whereas the downward transition represents the 
wavelength of photons emitted due to spontaneous and stimulated emission. 
 
Indeed, this spreading of energy levels is a useful characteristic for increasing the 
frequency or wavelength range of the signals that can be amplified. Within each 
energy band, the erbium ions are distributed in the various levels within that band 
E1 
E2 
E3 
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in a nonuniform manner by a process known as thermalization. It is due to this 
thermalization process that an amplifier is capable of amplifying several 
wavelengths simultaneously. Thermalization refers to the process by which the 
Erbium ions are distributed within the various (split) levels constituting an energy 
band. 
In thermal equilibrium, N1 > N2 > N3 where Ni denotes the ionic population in 
level Ei, i = 1, 2, 3. The population inversion condition for stimulated emission 
from E2 to E1 is N2 > N1. It can also be accompanied by a combination of 
absorption and spontaneous emission as follows. The energy difference between 
the E1 and E3 levels corresponds to a wavelength of 980 nm. So if optical power at 
980 nm known as EDFA pump power is injected into the amplifier, it will cause 
transitions of the ions from E1 to E3 and vice versa. Since N1 > N3, there will be a 
net absorption of the 980 nm pump power. The ions that have been raised to level 
E3 by this process will quickly transit to level E2 by the spontaneous emission 
process. The lifetime for this process is about 1µs whereas the spontaneous 
emission process from level E2 to level E1 is about 10 ms, which is four orders 
larger than the E3 to E2 lifetime. Furthermore, if the EDFA pump power is 
sufficiently large, ions that transit to the E1 level are rapidly raised again to the E3 
level and the process will be repeated. There are also several levels other than E3 
and higher than E2. Although these levels can be used for pumping an EDFA, the 
pumping process is less efficient than pump power for a given gain at 980 nm. 
Although the wavelength 1480 nm is another possible option for the pump 
wavelength, which corresponds to absorption from the bottom sublevel of the E1 
band to the top sublevel of the E2, EDFA pumping at 1480 nm is not as efficient as 
980 nm pumping. Furthermore, the degree of population inversion that can be 
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achieved by 1480 nm pumping is lower which, in turn, it causes higher noise 
figure.   
However, higher-power pump lasers are available at 1480 nm, compared to 980 
nm, and thus 1480 nm pumps find applications in amplifiers designed to yield high 
output powers. Another advantage of the 1480 nm pump is that the pump power 
can also propagate with low loss in the silica fiber due to low loss of silica fiber in 
1480 nm in comparison to 980 nm. Therefore, an EDFA pump laser with the 
wavelength 1480 nm can be set up remotely from the amplifier itself.  
As a result of spreading Er 3+ ion levels into bands, all frequencies that 
correspond to the energy difference between some energy in the E2 band and some 
energy in the E1 band can be amplified. In the case of erbium ions in silica glass, 
the set of frequencies that can be amplified by stimulated emission corresponds to 
the wavelength in the range about 1525-1570 nm with a peak around 1530 nm 
which is exactly one of the low-attenuation wavelength region of standard optical 
silica fiber. Fig. 4.3 shows the gain of a typical EDFA as a function of the 
wavelength for different values of the pump power. When such an EDFA is used 
in a WDM communication system, different WDM channels undergo different 
degrees of amplification. This is called the gain flatness problem, which is a 
critical issue particularly in WDM systems with cascaded EDFA amplifiers [1-3]. 
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Fig. 4.3: The gain of a typical EDFA as a function of the wavelength for four 
different values of the EDFA pumps power. The length of the doped fiber is taken 
to be 14 m and 980 nm pumping is assumed [4]. 
 
 
4.3  Application of EDFAs in L-Band wavelength region (1565-1625 nm) 
 Traditional EDFAs operate only in the C-band wavelength (1530-1565 
nm). However, the gain shape of EDF has a relatively long tail extending well 
beyond this range to about 1605 nm as shown in Fig. 4.3. This has stimulated a lot 
of researches to develop the optical systems in the so-called L-band from 1565 to 
1625 nm. L-band EDFAs operate on the same principle as C-band EDFAs. 
However, there are significant differences in the design of L- and C-band EDFAs. 
The gain spectrum of erbium is much flatter intrinsically in the L-band than in the 
C-band. However, the gain coefficient of Erbium in the L-band is about three 
times smaller than in the C-band. This requires the use of either much longer 
doped fiber lengths or fiber with higher erbium doping concentrations.  
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It is reported that the length of EDF is around 7 to 8 times longer than that in the 
conventional amplifier in order to exploit the L band region to achieve high gain 
although longer EDF leads to lower power conversion efficiency caused by the 
higher fiber loss [5]. In addition, some researches have been carried out to develop 
EDF with high Er
3+
 concentration and thus, exhibits low loss characteristic [6], [7], 
[8]. Central Glass & Ceramic Research Institute of India managed to fabricate 
silica EDF with Er
3+
 concentration of 900 ppm using a Modified Chemical Vapor 
Deposition (MCVD) process in conjunction with a solution doping technique [9]. 
The 15 m of this silica EDF could provide gain from wavelength of 1565 until 
1595 nm [9-12]. However, the previous EDFA consists of 50 m silica EDF with 
concentration of 400 ppm to provide the same amplification in L-band region [13]. 
In addition, the pump powers required for L-band EDFAs are much higher than 
their C-band counterparts. Due to the smaller absorption cross sections in the L-
band, these amplifiers also have higher amplified spontaneous emission. Finally, 
many of the other components used inside the amplifier, such as isolators and 
couplers, exhibit wavelength-dependent loss and so are specified different for the 
L-band than for the C-band [14]. In practice, due to the significant differences 
between C- and L-band amplifiers, these amplifiers are usually realized as separate 
devices, rather than as a single device.  
On the other hand, Bismuth-EDFs (Bi-EDFs) exhibits wide emission bandwidth 
with strong emission probability in 1550 nm region as shown in Fig. 4.4 [15], [16]. 
As shown in this figure, the amplification range can extend to above 1600 nm 
easily by using Bismuth. In addition, the Bi-EDFA gain spectrum is nearly flat in 
L band in comparison to the traditional EDFA. EDFAs have been widely studied 
[17-23] and applied in fiber lasers [24-26].  
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Fig. 4.4: The gain of a typical Bismuth oxide based EDFA as a function of the 
wavelength in comparison with the traditional EDFA in the same condition. 
Bismuth oxide glass exhibits broader emission than the traditional Silica based 
EDF [16]. 
 
 
 In this work, after reviewing the principal theory of Bi-EDFA, MBEFLs 
will be demonstrated by using a Bi-EDFA to increase the number of lines of the 
linear cavity MBFL proposed in the section 3.2.2.    
 
4.4  Theory of Bismuth Based Erbium Doped Amplifiers (Bi-EDFA) 
 As mentioned before, the rate equations can be expressed by the energy-
level diagrams in Fig. 4.2. The levels are numbered in a particular manner that 
allows one set of rate equations to be used for both systems. The fiber is doped 
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with ),,,( tzrN t   total population density or active ions per unit volume with 
),,,( tzrN i   ions per unit volume in the itch level in every time at a position in 
cylindrical coordinates. Rate equations are written for the EDFA pump and signal 
beams with the propagation vectors KP and KS, respectively. In contrast to the 
theory of the two-levels [27], it is needed to differentiate between pump and signal 
beams due to their different interaction with different energy levels. A signal beam 
is defined as one that interacts with the metastable level and the terminal lasing 
level, and a pump beam is assumed that interacts with the ground state and the 
pump level. For direct pumping to the metastable level of a three-level ion, such as 
for 1480 nm pumping of Er3+, the pump is theoretically considered as an 
additional signal beam. 
For clarity, powers are described in photons per second and symbols 
indicating the time and positional dependencies of intensities and ion populations 
are not shown in the rate equations. Assume N1, N2, and N3 represent the 
population densities of Er 3+ ions at the E1 E2 and E3 levels, respectively. Then, 
the total population density of Erbium, N, is expressed as 
                                                321 NNNN                                                 (4.1) 
They can be obtained by solving the steady-state assumed rate equations as [3], 
[28]: 
2
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where the irradiative decay rate of the E2 level and the spontaneous emission of E3 
level are ignored respectively to the spontaneous emission probability 
12A  of the 
E2 level and is the fast decay rate from the E3 level to the E1 level 12W . 12A  can be 
calculated by Fuchtbauer-Ladenburg formula [29]. B is corporative upconversion 
coefficient evaluated by Snoek‟s method [30]. R  denotes the radiative decay rate 
of the signal under amplification, EDFA pump and ASE as following: 
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where 4/
2
meff dA   is the effective area of the mode field diameter md  in the 
fiber. 

PP  are forward and backward propagating EDFA pump power in the 
multistage bi-directional EDFA as shown in Fig. 4.5.  SP  is the signal power and 

ASEP  are forward and backward amplified spontaneous emission (ASE) power. 
E
P  
and 
A
P  are the emission and absorption cross sections at the pump wavelength, 
respectively. The optimal length of Bi-EDF in a multistage configuration can be 
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found by investigating the pump, signal and ASE power propagating along the 
core of the Bi-EDF as the following equations: 
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In Eqs. (4.4), p  and s  are, respectively, the attenuation coefficients of the fiber 
for the pump and signal.   implies the effective ASE bandwidth. P  and S  are 
corresponding overlapping factors for pump and signal power respectively and h is 
Plank‟s constant. It is supposed that all exited ions upon the E3 level decays 
immediately to E3.  In the reported work for the simulation Bi-EDFA, the typical 
parameters used for the calculation are listed according to the Table 1 [31]. 
              
         
 
 
 
 
 
 
 
Fig. 4.5: Bi-directional Bismuth based Erbium-doped amplifier (Bi-EDFA). 
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         Table 1: Typical parameters used for Bi-EDFA simulation [31]. 
 
         Parameter                                           Symbol                 Unit         Value                         
 
         Spontaneous emission rate                      12A                       s
-1
      300 
         Irradiative decay rate                               12W                       s
-1
      7500 
         Cooperative upconversion coefficient    B                       m
3
s
-1
     8.5×10
-24 
             
Emission cross section of pump              EP                     cm
2
     1.19×10
-21
 
         Emission cross section of signal             ES                     cm
2
     1.60×10 
-21
 
         Absorption cross section of pump          AP                     cm
2
     3.61×10 
-21
  
         Absorption cross section of signal          AS                     cm
2
     4.99×10 
-22
 
         Confinement factor of pump                   P                                 0.5 
         Confinement factor of signal                   S                                0.47 
         Background loss                                                             ms-1    0.6 
         ASE effective bandwidth                                             nm     6.7×10 -9 
         Er density                                                N                      cm-3    7.9×10 19 
 
 
 
 
In the next section, a new multi-wavelength MBEFL configuration based on the 
linear cavity BFL mentioned in Fig. 3.26 is proposed to increase the number of 
lines by using Bi-EDFA in the linear cavity.  
 
4.5  Generation of Multiwavelength Brillouin Erbium Fiber lasers (MBEFLs)  
The configuration of the proposed MBEFL is shown in Fig. 4.6. It consists of a 
short bismuth-based EDF (Bi-EDF) approximately 2.15m in length with an erbium 
concentration of 3250 ppm and a cut-off wavelength of 1440 nm as well as a pump 
absorption rate of 83 dBm at 1480 nm. The fiber is manufactured by Asahi Glass 
in Japan and is supplied with angled AC/PC connectors. The Bismuth based fiber 
is connected to the single-mode fiber (SMF) and is pumped bi-directionally using 
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two 1480 nm lasers to generate a Bi-EDFA. A SMF of 25 km in length is used as a 
non-linear gain medium and two WDM couplers are used to combine the pump Bi-
EDFA power and laser wavelengths in a bi-directional amplifier configuration. An 
external cavity tunable-laser source (TLS) with the maximum power of 6.5 dBm is 
used as the Brillouin pump (BP). Two optical circulators, OC1 and OC2, are used 
to create the linear cavity and are placed at both ends to act as reflectors. The 
coupler C1 is used to inject the BP signal and C2 is used to tap the output power 
for detection by an optical spectrum analyzer (OSA). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.6: The proposed linear cavity for MBEFL generation by using a Bi-EDFA 
[26].  
 
 
 
 
The BP is injected into the linear cavity via C1 at the leg B and is then amplified 
by the bi-directionally pumped Bi-EDF. Then, the amplified BP is coupled into the 
SMF to generate the first Stokes signal propagating in the opposite direction of the 
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BP signal. The Stokes signal is then amplified by the bismuth-based EDF (Bi-
EDF) amplifier before being re-circulated by the OC1 ring cavity back towards the 
SMF. The 1st Stokes then travels towards OC2 where it is tapped by the coupler 
C2 for viewing at the OSA. As it travels, the 1st Stokes will also generate the 2nd 
Stokes in the SMF, which will also travel towards OC1 and be re-circulated into 
the system, much like the 1st Stokes. This generation process continues as long as 
the incoming Stokes exceeds the threshold values for Brillouin gain, thereby 
providing cascaded Brillouin Stokes. The number of Stokes generated depends on 
the total gain of the Brillouin Bi-EDF amplifier over the cavity loss. The output of 
the linear cavity BEFL is tapped from the 5% port of C2 at OC2 and characterized 
by the OSA with a resolution of 0.015 nm. The linewidth of the BP signal is 15 
MHz, which is measured by using the heterodyne technique as mentioned in last 
chapter. 
The operating wavelength of the MBEFL is determined by the gain of the 
bi-directionally pumped Bi-EDFA over its cavity loss and this covers the L-band 
region (1560–1600 nm). The free-running spectrum, which is taken when BP is 
off, is shown in Fig. 4.7 at the Bi-EDFA pump power of 120 mW for both the two 
1480 nm pumps. In Fig. 4.7, C2 is a 99/1 coupler with the 99% output designated 
as Port B. The wavelength of the peak power is generated at the 1570 nm region, 
which is where the difference between the Bi-EDF gain spectrum and cavity loss is 
the largest.  
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Fig. 4.7: Free-running spectrum of the BEFL (without BP). The powers of the two 
Bi-EDFA pumps ( P1 and P2 ) are fixed at 120mW [26]. 
 
 
The free-running BEFL exhibits a peak power of approximately -30 dBm 
with bandwidth of approximately 4 nm centered at 1570.5 nm. The chosen BEFL 
operating wavelength must be within or as close as possible to the bandwidth of 
the free-running BEFL.  
The impact of the coupling ratio of C1 on the number of Stokes and anti-
Stokes lines generated by the BEFL is depicted in Fig. 4.8. The 1480nm pump and 
BP powers are fixed at 120mW and 5 dBm, respectively. The BP wavelengths are 
optimized to 1570.7, 1570.3 and 1568.5nm for the coupling ratios of 50/50, 80/20 
and 99/1, respectively. The coupling ratio of C1 controls the amount of BP power 
that is injected into the cavity. A higher ratio at Port B translates into a higher 
injected BP power and lower reflectivity of OC1.  
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Fig. 4.8: Output spectrum of MBEFL at different coupling ratios of C1. The both 
EDFA pump powers (P1 and P2) and the BP powers are fixed at 120mW, 120mW 
and 5 dBm, respectively [26]. 
 
As shown in Fig. 4.8, an increment of the Port B ratio (50%, 80% and 99%) 
increases the number of lines of the BEFL output, but reduces the peak power of 
these lines. The reduction of the peak powers are due to the reflectivity of the OC1 
ring, which subsequently increases the cavity loss by reducing ratio of the Port A. 
This also has the effect of shifting the operating wavelength of the BEFL travels to 
the shorter wavelength region. 
The impact of the 1480nm pump power on the number of Stokes generated 
by the BEFL is depicted in Fig. 4.9. The BP is set at a wavelength of 1569.0 nm, 
which is close to the lasing wavelength of the free-running BEFL and the BP 
power is fixed at 5 dBm. Both the 1480nm pump powers are varied from 60 and 
120mW. Lower pump powers will not give any Stokes due to the low EDFA gain, 
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and thus the minimum pump power is 60mW. At a pump power combination of 60 
and 100mW, the least number of lines are generated as shown in Fig. 4.9. 
However, as the combination pump power increases, the number of lines generated 
also increases. This can be attributed to the increment of the erbium gain with  
increase in the pump power as this situation provides sufficient signal power for 
higher order Stokes signal to pump the SMF and maintain the cascading of the 
Stokes into multiple Stokes. As shown in Fig. 4.9, the highest number of lines is 
obtained at a pump power of 120mW. The number of lines is higher in Fig. 4.9 (d) 
as compared with that in Fig. 4.9 (c) even though two pump power combinations 
are almost similar, due to gain characteristics of the bi-directionally pumped Bi-
EDF amplifier. A higher gain is obtained if the signal is injected from the side with 
higher pump power. 
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Fig. 4.9: MBEFL spectra at fixed wavelength 1480 nm and different Bi-EDFA 
pump powers (a) P1=P2=120mW, (b) P1=P2=105mW, (c) P1=60mW, P2= 
100mW and (d) P1=105mW, P2=60mW. The BP power and wavelength is also 
fixed at 6.5 dBm and 1569.0 nm, respectively [26].  
(c) 
(d) 
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Fig.4.10 shows the output spectrum of the MBEFL at BP wavelength of 
1568.2nm and the BP power of 5 dBm. In this experiment, 50 multi-wavelength 
lines are obtained at the maximum pump power of 120mW. However, a higher 
number of Stokes lines are expected at a higher pump power. The line spacing is 
approximately 0.09nm in the wavelength domain (~11GHz) while the 3 dB 
bandwidth of each line is about 0.02 nm, limited by the OSA resolution of 0.015 
nm. In the MBEFL generation, anti-Stokes lines are also generated due to the 
degenerate four wave-mixing processes between BP and Stokes waves especially 
at the higher Bi-EDFA pump and BP powers. Additionally, the power of each 
subsequent Stokes lines is typically lower than that of the previous Stokes line, as 
each subsequent Stokes is generated with the energy of the previous Stokes, 
slightly reducing the Stokes line‟s power. However, some of the lines have a peak 
power, which is higher than the previous lines as shown in Fig. 4.10. This is 
attributed to other phenomenon such as four-wave mixing and Brillouin crosstalk 
which will transfer energy from neighboring lines to these lines. The generated 
MBEFL is observed to be stable at room temperature with only minor fluctuations 
observed coinciding with large temperature variances. 
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Fig. 4.10: The generated MBEFL output spectra by using BP wavelength of 
1568.2 nm and BP power of 5 dBm and two bi-directional Bi-EDFA pump power 
120 mW [26]. 
 
 
The linear cavity MBEFL allows the lasing wavelength to passing the Bi-EDF 
gain twice per one oscillation and thus increases the net gain per oscillation. This 
results in the linear cavity to exhibit a lower threshold power and achieves a larger 
number of Stokes and anti-Stokes compared with the ring configuration [25], [26]. 
The proposed MBEFL using a short-length bismuth-based EDF gain medium will 
allow for the development of compact BEFL devices. Further reductions in size 
can be obtained if the SMF is replaced with highly non-linear fibers such as holey 
fibers. A holey fiber with a core diameter of about 1.6 µm would require less than 
100 m to obtain the SBS effect desired [32]. 
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4.6  Summary 
 A multiple wavelength source using a Bi-EDF in a linear cavity 
configuration is proposed and demonstrated in this work. The configuration uses a 
pair of optical circulators at both the input and output ends of the cavity to form a 
linear resonator for multiwavelength generation, and also one optical coupler to 
inject the BP at one end and another optical coupler to tap the output at the other 
end of the linear cavity. A short length of 2.15 m of Bi-EDF together with an SMF 
optical fiber has generated the multiwavelength BEFL with a wavelength spacing 
of 0.09 nm in the L-band region. A stable output laser comb of 50 lines is obtained 
at a BP of 1568.2 nm and 6.5 dBm and two 1480 nm pumps at 120 mW. The 
injected BP wavelength and power together with the 1480 nm pump laser has a 
great effect on the number and output peak power of the BEFL lines. Using the Bi-
EDF, a compact MBEFL can be realized. With the existence of highly non-linear 
fibers such as holey fibers, a more compact BEFL can be designed using the 
proposed configuration. The generated MBFL is depended to Bi-EDFA 
operational wavelength region. Although, Bi-EDFA has a wide operational region 
than the traditional EDFA, the proposed MBEFL can only be generated in C and L 
band. In addition, the lines in the MBEFL have the peak power of about -25 dBm 
even though two Bi-EDFA pump power of 120 mW and a BP power 6.5 dBm 
have been used. These problems cause to investigate multiwavelength Brillouin 
Raman fiber lasers which will be considered in the next chapter.   
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 Chapter 5: 
 
Mutiwavelength Brillouin Raman Fiber Lasers 
 
 
 
5.1  Introduction 
Although Erbium-doped fiber amplifiers (EDFAs) can be designed to 
amplify the C band (1530 – 1565 nm) and the L band (1565-1625 nm) wavelength 
regions, Raman amplifiers can work in any wavelength as long as the Raman 
pump is available. The Raman amplifiers use stimulated Raman scattering (SRS) 
effect which is a nonlinear phenomenon arises from inelastic Raman scattering. In 
Raman scattering effects, energy gets transferred from one light wave to another 
wave called the Raman Stokes wave at a longer wavelength (or lower energy). The 
lost energy is absorbed by the molecular vibrations, or phonons, in the medium. 
The same as stimulated Brillouin scattering (SBS), photon-phonon interaction 
involves in this nonlinear process. However, optical phonons participate in SRS 
whereas acoustic phonons involve in SBS. Different dispersion relations of 
acoustic and optical phonons lead to some differences between SBS and SRS. SBS 
occurs only in the backward direction in an optical fiber and the SBS threshold 
power is a few miliwatts whereas SRS can occur in the both directions with the 
SRS threshold power ~ 1 W [1]. The peak value of Brillouin gain occurs at about 
10 GHz for the Brillouin Stokes shift but 13 THz for the Raman Stokes shift. Thus, 
the scattered light is downshifted in frequency by about 10 GHz for SBS but by 
about 13 THz for SRS. The Raman gain spectrum extends up to 30 THz; however, 
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the Brillouin gain spectrum is extremely narrow of about tens of MHz [2].  The 
first wave can be thought of as being a Raman pump wave that causes 
amplification of the Raman Stokes wave. As the Raman pump propagates in the 
fiber, it loses power and the Stokes wave gains power. However,  In the a Raman 
amplifier, the Raman pump wave is a high-power wave, and the Raman Stokes 
wave is the signal wave is to be amplified at the expense of the pump wave power. 
5.2  Basic Concepts of Stimulated Raman Scattering (SRS) and Raman Gain 
  Fig. 5.1 shows the Raman gain coefficient as a function of wavelength 
spacing in fused silica. The peak gain coefficient Rg  is approximately 6 × 10
-14
 
m/W at 1.55 µm, which is much smaller than the gain coefficient for SBS (6× 10
-11
 
m/W) [3]. However, channels up to 15 THz (125 nm) apart will be amplified 
effectively by SRS. Also SRS can be used in both the direction of signal 
propagation (forward) and the reverse direction (backward). 
 
 
 
Fig. 5.1: Raman gain spectrum as a function of channel separation in fused silica 
[1]. 
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SRS can also be detrimental in WDM systems in which the optical fiber 
acts as a Raman amplifier. In these systems, the long wavelength channels are 
amplified by the short-wavelength channels which are in the bandwidth of the 
Raman gain spectrum with the peak at 13 THz (~100 nm in 1550 nm wavelength 
region). Therefore, the shortest-wavelength channel in the Raman gain spectrum is 
the most depleted channel since it can pump simultaneously many channels placed 
in the Raman gain spectrum region. This phenomenon is known as Raman 
crosstalk which can degrade the performance of the optical systems and must be 
considered especially in WDM systems [4-8]. 
 A quantum mechanical description of the SRS effect is depicted in Fig. 5.2. 
The incident photon loses its energy during the interaction with an optical phonon. 
Therefore, the molecule energy from the ground state with the energy level E1 
rises to the virtual energy level E3. Spontaneously, the molecule decays to the 
vibrational state with the energy level E2 and a photon whose energy is (E3-E2) is 
emitted. Therefore, an optical phonon of energy (E2-E1) is remained and the 
frequency of the phonon is 
                                                    hEE /)12(                                               (5.1) 
where h is the Plank‟s constant. This resonant frequency is about 13 THz for silica 
fibers as mentioned before. The conservation of energy requires that  
                                                           SP                                                 (5.2) 
where P  and S denotes the frequency of the incident (pump) photon and the 
Stokes photon, respectively. The Raman gain spectrum has a nearly bandwidth 6 
THz. As a result, E2 is a band of energy rather than a discrete line. 
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Fig. 5.2: Schematic of the energy levels of a molecule involved during stimulated 
Raman scattering (SRS). 
 
Once the two waves (Raman pump and signal) are presented, the pump prepares 
the power for Raman amplification of the signal as shown in Fig. 5.2. The 
frequency of the pump and signal waves are supposed to be P  and S , 
respectively. The excited molecule in the virtual state is stimulated by the signal to 
emit a photon of the same frequency and phase as the signal so that Raman 
amplification takes place. The main difference of a Raman amplifier and an EDFA 
is that population inversion which is not required for Raman amplification. In 
addition, the wavelength at which the Raman amplification takes place is 
determined by the wavelength of the Raman pump and the vibrational frequency 
of the molecule. As a result, Raman amplification can be operated at any 
wavelength as long as the suitable Raman pump is provided.  
 As EDFAs, Raman amplifiers can be pumped in the both direction forward 
and backward.  Due to using high power Raman pumps and the typically small 
attenuation, Raman pump waves can propagate in a great distance along the fiber. 
Thus, the backward Raman pumping protects receivers from Raman pump waves. 
Ph  
Sh  Sh  
E3 
E1 
E2 
Virtual     
State 
Ground    
State 
Vibrational     
States 
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Besides, the noise sources in Raman amplifiers are somewhat different from 
EDFAs. The Raman gain responds instantaneously to the Raman pump power. 
Therefore fluctuations in the Raman pump power, )(zPP , causes the optical gain 
)(zg  to vary and will appear as Raman crosstalk to the desired signals. The optical 
gain )(zg  is related to the Raman gain as 
                                                     
eff
P
R
A
zP
gzg
)(
)(                                              (5.3) 
In which effA  is the effective area of the pump beam inside the fiber. The Raman 
gain is shown in Fig. 5.3 (a) against the amplifier length for forward and backward 
Raman pumping [9]. As shown in the figure, the average gain is slightly higher in 
forward Raman pumping. The solid and dashed lines correspond to copolarized 
and orthogonally polarized cases, respectively (the two lines are indistinguishable 
in the case of backward pumping). Physically, it takes some distance for the 
orthogonally polarized signal to be adjusted before it can experience the full 
Raman gain.  
According to Eq. (5.3), it is also important to keep the pump at a constant 
power. However, this is not occur in EDFAs where the response time of the EDFA 
gain is on the order of milliseconds much slower than the Raman gain responds. 
On the other hand, having the pump propagates in the opposite direction to the 
signal (backward Raman pumping) reduces the Raman gain fluctuation due to the 
Raman pump fluctuation. This can be understood since fluctuations in Raman 
pump power are then averaged over the propagation time over the fiber in 
backward Raman pumping. In order to explain this, first suppose the case where 
the Raman pump propagates along with the signal in the same direction (forward 
Pumping). The two waves travel at nearly the same velocity. In this case, when the 
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pump power is high or low at the input, there is a high or low gain for the signal. 
However, in the backward Raman pumping, as the signal propagates through the 
fiber, whenever it overlaps with the pump signal in the high power state, it sees a 
high gain. When it overlaps with the pump signal in the low power state, it sees a 
lower gain. If the pump fluctuations are relatively fast compared to the propagation 
time of the signal across the fiber, the gain variations average out, and by the time 
the signal exits the fiber, it has seen only a constant optical gain. As shown in Fig. 
5.3 (b) the fluctuation in signal under Raman amplification is higher in forward 
pumping in comparison to the backward pumping [9]. Another major concern in 
Raman amplifiers which can be solved by the backward Raman pumping is 
crosstalk between the WDM signals due to Raman amplification. A modulated 
signal at a specific wavelength depletes the pump power and imposes effectively 
the same modulation on the Raman pump signal. This modulation on the pump, in 
turn, affects the optical gain seen by the next wavelength effectively appearing as 
crosstalk on that wavelength. Again, having the backward pumping reduces this 
effect dramatically. For these reasons, most Raman amplifiers use backward or 
counterpropagating pump geometry. 
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Fig. 5.3: (a) Average gain and (b) level of signal fluctuations as a function of 
amplifier length for a fiber with polarization-mode dispersion  
kmpsDP /05.0 . The solid and dashed curves correspond to the cases of 
copolarized and orthogonally polarized signal, respectively. The two carves are 
indistinguishable in the case of backward pumping and in forward pumping in (b). 
The two curves nearly coincide in the case of backward pumping [9]. 
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         In Eq. (5.3), the ratio effR Ag /  is a measure indicating Raman-gain 
efficiency [10]. This ratio is depicted in Fig. 5.4 for the three fibers standard silica 
single-mode fiber (SMF), dispersion-shifted fiber (DSF), and dispersion-
compensating fiber (DCF). As shown in Fig. 5.4, a DCF can be 8 times more 
efficient than SMF in Raman amplification due to the sufficient smaller core 
diameter of DCF.  In addition, the frequency dependence of the Raman gain is 
nearly the same for all the three fibers as evident from the normalized gain profile 
in the figure. The gain bandwidth g which is the full width at half maximum 
(FWHM) of the dominant peak is about 6 THz.  
           
 
 
 
 
Fig. 5.4: Raman gain profiles ( effR Ag / ) for a 1510-nm Raman pump in three 
different fiber types, standard single mode fiber (SMF), dispersion shifted fiber 
(DSF), and dispersion compensating fiber (DCF) [10]. 
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An interesting aspect of the Raman amplifiers is their large bandwidth that 
can be extended by using multiple Raman pump sources in various frequencies. 
This method can be extended to produce a broadband amplification operating a 
wavelength region grater than 100 nm, for example 1500 -1600 nm. The wide 
bandwidth of Raman amplifiers in comparison to the other optical amplifiers 
makes them attractive especially in optical transmission communication systems 
although a relatively high power Raman pump of about a few Watts is required to 
generate a high Raman amplification. In the following section, the theory of 
Raman amplifiers will be discussed. 
   
5.3  The Theory of Raman Amplifiers 
 Nonlinear polarization vectors at the Raman Stokes and Raman pump 
frequencies ( S  and P ) are proportional to products of the Raman Stokes and 
Raman pump fields that is spsNL EEP

1
2
2  and 
psp
NL EEP

1
2
2 . These relations 
are known as the Raman Stokes generation and the inverse Raman effect. In the 
similar way led to Eqs. (2.118) and (2.119), the following equations involving the 
Raman Stokes and Raman pump powers ( SP and PP ) can be deduced by 
substituting the two nonlinear polarization vectors into the fundamental wave 
equation Eq. (2.8) and by using the slowly varying envelope approximation 
(SVEA) introduced in Eq. (2.83) [11] 
 
                                       SP
eff
R
S
P
PP
P PP
A
g
P
dz
dP
))((


                                 (5.4) 
                                          SP
eff
R
SS
S PP
A
g
P
dz
dP
)(                                         (5.5) 
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where 
P  and S  denotes fiber losses for the Raman pump and Raman Stokes, 
respectively. 1  depending on the pumping configuration; the plus and minus 
sign should be used in the forward and backward-pumping case, respectively. It is 
also supposed that the pump and the Stokes fields are copolarized. Equation (5.4) 
and (5.5) can not be readily solved analytically due to their nonlinear-coupled 
nature.  
In the absence of the losses P  and S , It can be easily indicated that 
                                                        0)( 
P
P
S
S PP
dz
d

                                       (5.6) 
Therefore, total number of photons during the SRS process is constant in the 
absence of the losses. In many practical situations, pump power is so large 
compared with the signal power that pump depletion can be neglected.  
In the absence of the fiber losses, Eq. (5.4) in the forward pumping 
( 1 ) results in 
                                                  )exp()( 0 zPzP PPP                                        (5.7) 
where 0PP  represents the input pump power of the optical fiber. By using Eqs. (5.5) 
and (5.7), it can be deduced 
                                  )exp()0()(
0
LL
A
P
gzPLP Seff
eff
P
RSs                          (5.8) 
where L  is the fiber length and effL is the effective length given by Eq. (2.60). Due 
to the fiber loss at the pump wavelength, the effective length of the Raman 
amplifier is less than the actual length of the optical fiber; indeed, PeffL /1  for 
a long fiber in which 1LP . In our case, 
-1km)(0.0437(dB/km)192.0 P . Therefore, regarding Eqs. (2.60) and 
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(2.61), kmLeff 87.22 . In the absence of Raman amplification ( 0Rg ), the 
pump power is in the form  
                                        )exp()0()( LzPLP SSS                                       (5.9) 
Therefore, by using Eqs. (5.8) and (5.9), the amplifier gain can be obtained as 
                             )exp()exp( 0
0
LgL
A
P
g
P
P
G eff
eff
P
R
OFFS
ONS
A 

                       (5.10) 
where 0g  is the small-signal gain given by 
                                        
Peff
PReff
eff
P
R
LA
Pg
L
L
A
P
gg

00
0 ))((                                  (5.11) 
For a long fiber with the condition 1LP , the amplification gain factor AG  is 
the fiber length independent. 
The backward Raman pumping (ξ = −1) can be considered in a similar 
way. In this case, Eq. (5.4) can also be solved in the undepletion pump 
approximation. By using the boundary condition 0)( PP PLP   the result is 
                                            ))(exp()( 0 zLPzP PPP                                    (5.12) 
By using Eq. (5.12) and the integration of Eq. (5.5), the same solution as Eq. (5.8) 
will be obtained. It indicates that the amplified signal power at a given pumping 
level is the same in both the forward- and the backward-pumping configurations in 
the undepletion pump approximation. However, Fig 5.3 (a) shows, this 
approximation is not completely correct. 
 The case of bidirectional pumping can also be analyzed by considering that 
the pump power is the sum of the both forward and backward pump powers that is  
                                                       
B
P
F
PP PPP                                               (5.13) 
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 since the two Raman laser pumps are located at the two opposite sides of the fiber. 
The pump power in the ignorable pump depletion will be obtained by solving the 
following equations 
                                                     
F
PP
F
P P
dz
dP
                                              (5.14) 
                                                     
B
PP
B
P P
dz
dP
                                              (5.15) 
Thus, total pump power PP  is easily in the form as 
                       ))](exp()1()exp([)( 0 zLRzRPzP PPP                   (5.16) 
where 0P  is the total pump power lunched into the fiber from the both sides and 
R is the ratio of the forward power per the total lunched pump power 
                                                    
BF
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00
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
                                                 (5.17) 
The amplifier gain G can also be deduced by using the Eq. (5.15) and (5.5).  
The SBS behaviour in Raman-pumped fibers can also be studied by an 
approach similar to that used in the unpumped fibers [1], [12]: 
)())(( BPBSRP
eff
R
S
RP
RPRP
RP PPP
A
g
P
dz
dP



  
      RPBS
eff
R
BSBSBPBS
eff
BBS PP
A
g
PPP
A
g
dz
dP
)()(    
                            RPBP
eff
R
BPBPBPBS
eff
BBP PP
A
g
PPP
A
g
dz
dP
)()(                      (5.18) 
where PRP , BPP , and BSP  represent , in turn, Raman pump power, Brillouin pump 
power, and Brillouin Stokes power. BP , BS , and BP  also denote the 
attenuation coefficients of the optical fiber for the Raman pump, the Brillouin 
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Stokes, and Brillouin pump, respectively. Bg  is the Brillouin gain in the fiber and 
all the other parameters are the same as Eqs. (5.4) and (5.5). 
 In the next chapter, we will discuss multiwavelength Brillouin-Raman fiber 
lasers by preparing a forward Raman pumping in a BFL ring cavity. 
 
5.4  Generation of Multiwavelength Brillouin Raman Fiber Lasers  
 Homogeneous nature of gain medium (EDFA) limits the bandwidth and 
amplitude envelope profiles of the output MBEFL comb spectrum [13]. In 
addition, in order to provide cost effectiveness, good stability, and higher number 
of lines in multiwavelength Brillouin fiber lasers, a Raman amplifier can be used 
to generate multiwavelength Brillouin/Raman fiber laser (MBRFL) comb 
spectrum [13-16].   
In this work, a multiple-wavelength Brillouin fiber laser (BFL) is 
demonstrated by the injection of intense light. This technique uses Raman gain in 
conjunction with Rayleigh scattering to help the Brillouin Stokes cascading 
process [19]. 
  The experimental setup for the multiple-wavelength BFL is shown in 
Fig.5.5. The ring resonator is formed using a 3-dB coupler and a 25 km long 
single-mode fiber (SMF) as the gain medium. The SMF has a cut-off wavelength 
of 1161 nm, zero dispersion wavelength of 1315 nm and a mode field diameter of 
9.36 µm. The BFL is pumped by the Brillouin laser pump (BP) which is an 
external cavity tunable laser source (TLS) with a maximum power of 
approximately 5.5 dBm. A wavelength division multiplexing coupler (WDM) is 
used to inject the 1465 nm intense light into the system to assist the cascading 
process. The power of the Raman pump laser diode is fixed at 150 mW. 
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Fig. 5.5: Experimental set up for multiwavelength Brillouin Raman fiber laser 
generation [19]. 
 
The Brillouin pump (BP) is sent through the WDM (which is also used to inject 
the 1480nm intense light) and a 3-port circulator to generate backward-
propagating path for stimulated Brillouin scattering (SBS). The backward-
propagating SBS oscillates inside the ring produced by the 3-dB coupler and the 
25 km SMF to generate the first Brillouin Stokes.The Stokes power is 
simultaneously amplified by Raman gain created through the forward injection of 
1465 nm intense light in the SMF. The feedback by the Rayleigh scattering helps 
the cascading process to generate a higher order Stokes. The first Brillouin Stokes 
oscillating in the backward direction in the SMF generates the second Brillouin 
Stokes in forward direction when its power reaches the second Stokes threshold 
power. The other Stokes lines will be generated in the same way through the so-
called Billouin cascading process. Four-wave mixing also causes fluctuation in the 
peak power of the lines. The multiwavelength laser output is characterized using 
an optical spectrum analyzer (OSA) which is located at port 3 of optical circulator. 
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Fig. 5.6 compares the output spectrum with and without the injection of 
intense Raman pump light.  Without the injection of Raman pump, a 5.5 dBm BP 
produces one Brillouin Stokes with -6 dBm peak power. In spite of the fact that the 
threshold of first-order SBS in a SMF is very low, the generation of second order 
SBS is not usually achieved at the BP power 5.5 dBm. When there is no feedback, 
there are two factors that make the cascading process in SMF ineffective. First, as 
the pump power increases above the first-order threshold, the SBS power 
distribution inside the fiber becomes increasingly concentrated near the fiber input, 
subsequently decreasing the fiber length available for the SBS interaction. Second, 
in contrast to the first-order SBS process which is initiated using a monochromatic 
pump, second-order SBS is pumped by first-order Stokes radiation that is 
essentially non-monochromatic: its spectrum is only 4 times narrower than the 
SBS gain spectrum in the fiber [17]. The situation becomes very different in the 
presence of feedback to the SBS process that can cause considerable narrowing of 
the first-order SBS spectrum. Therefore second-order SBS generation can be 
observed with the feedback [18].  
When 1465 nm Raman pump power is injected, the second and the third 
Stokes are generated. However, in the backward direction, the BP Rayleigh 
reflection and the second Stokes reflection can be observed as shown in Fig. 5.6. 
The second stokes Rayleigh reflection and the third Stokes are generated by the 
injection of the Raman pump with no significant changes in the output power of 
the first Stokes due to crosstalk phenomenon which transfers energy from the 
shortest wavelength to the longest one. The odd Stokes lines are observed in the 
backward direction whereas the transmitted Brillouin pump (BP) and even stokes 
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lines can be observed in the forward direction as it is obvious in the same setup in 
Fig. 3.22 [19]. 
 The 1465 nm injection also increases the amplified spontaneous emission 
in the 1560 nm region due to Raman amplification. Rayleigh scattering (RS) 
occurring within the fiber can provide feedback to the SBS process to increase the 
Brillouin gain and help in the cascading process. This feedback provides very 
effective linewidth narrowing of the laser radiation creating the condition required 
for SBS. The growth of SBS in the ring resonator then causes a series of cascaded 
SBS processes leading to generation of higher order modes.  
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Fig. 5.6: Comparison of BFL output spectrum with and without the Raman pump 
light injection. The generation of the second Stokes reflection and the third Stokes 
after the injection Raman pump is obvious.  
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Fig. 5.7 shows the BFL output spectrum at different BP wavelengths. The 
BP and 1465 nm Raman pump powers are fixed at 5.5 dBm and 150mW 
respectively. There are no significant changes in power of the first Stokes as 
shown in the figure. However, the powers of higher-order Stokes are seen to be 
highest at a wavelength of 1560 nm due to the higher Raman gain in this 
wavelength. The number of Stokes is expected to be higher if the Raman pump 
power is higher or if we use a fiber such as dispersion compensating fiber (DCF) 
having higher Raman gain. The spacing between the lines is about 0.08 nm which 
is the Brillouin shift in the experiment, as measured by an optical spectrum 
analyzer with 0.015 nm resolution. Anti-Stokes line is also generated through 
degenerate four-wave mixing between the Brillouin pump and the first Stokes line 
as shown in Figs 5.6 and 5.7. 
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Fig. 5.7: The BFL output comb at different Brillouin pump wavelength of [19]. 
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In this experiment, the effect of Forward Raman amplification on the cascading 
Brillouin Stokes generation has been studied [19]. In the following section, the 
effect of Raman amplification on Brillouin fiber lasers will be explained. 
5.5  Effect of Raman Amplification on Brillouin Fiber Larers 
Both stimulated Raman and Brillouin scattering are nonlinear phenomena that 
can affect to each other performance. SBS behaviour in optical fibers with Raman 
amplification has been studied [20-23].  
In this thesis, the effects of the backward, forward, and bi-directional 
Raman gains on SBS performance in a linear cavity are studied. Here, we use 
linear cavity in order to use leftover Brillouin pump (BP) and Raman pump (RP) 
power after each transmission through a 25 km SMF used as a gain medium. The 
results show that the change in SBS threshold power is also interestingly related 
linearly to the total Raman gain appeared on SBS, and this relationship is 
independent of Raman pumping schemes. In addition, Raman amplification on the 
SBS is highly increased around the SBS threshold especially in the forward and bi-
directional Raman pumping [24].       
 Fig. 5.8 shows the experimental setup, where a 25 km SMF used as a gain 
medium located between ports 2 of two optical circulators (OC1 and OC2) to form 
a linear cavity. A (2x2) 1/99 coupler located between Port 3 and Port 1 of OC1 
helps to inject BP into the cavity, to send a feedback signal, and at the same time 
to extract part of output. The BP signal is performed using an external cavity 
tunable laser source (TLS) amplified by an erbium-doped fiber amplifier (EDFA) 
to obtain the maximum power of 13 dBm at wavelength of 1580 nm with 
linewidth of 15 MHz. The generated backward propagating Brillouin Stokes, and 
the transmitted BP signal reflected by OC2, are coupled from port 2 to 3 in the 
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circulator OC1 and 99% of that signal are re-injected back into the system. 
Wavelength-division multiplexing couplers WDM1 and WDM2 are used 
simultaneously to inject Raman pump light into the system in bi-directional Raman 
amplification. However, in order to decrease loss in the cavity, we remove WDM2 
in the setup for forward Raman pumping and connect port 3 and Port1 of OC2 
together. Similarly, WDM1 is removed for backward Raman pumping and BP is 
injected directly into the cavity through the 1/99 coupler. The SMF has a cut-off 
wavelength of 1161 nm with a zero dispersion wavelength of 1315 nm, a mode 
field diameter of 9.36 µm, and attenuation coefficient of 0.19 dB/km at 1580 nm. 
  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.8: Experimental setup for bi-directional Raman pumping. To decrease loss, 
WDM2 and WDM1 will be removed in the configuration for forward and 
backward Raman pumping, respectively [24]. 
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meter to avoid additional noises involved in this measurement. In addition, WDM3 
is incorporated in front of the OSA to suppress the residual Raman pump light in 
the output.   
The output Brillouin Stokes and transmitted BP power against input signal 
BP peak power are shown in Fig. 5.9 with and without 1480 nm RPs in various 
pumping schemes. Figs. 5.9(a), 5.9(b) and 5.9(c) represent backward, forward and 
bi-directional pumping respectively. Before transmitted BP power starts to saturate 
quickly around -5 dBm in these schemes, the output power of the SBS increases in 
accordance with an increase in the BP power. The SBS threshold power, Pth, is 
defined as the input BP power at which the transmitted BP peak power equals to 
the output peak power of the SBS. In the experiment, the RP power is varied from 
0 to 150 mW. However, due to different loss in the Raman pumping schemes, SBS 
threshold is different in each scheme when RP power is off. It should also be noted 
that the SBS threshold power decreases as the Raman pump power is increased. 
The change in SBS threshold power ( SBS) induced by Raman amplification is 
examined and compared for different pumping schemes. It is maximum with the 
bi-directional and minimum with the backward Raman pumping scheme. ∆SBS is 
also proportional to the Raman pump power as shown in Fig. 5.9. The SBS 
threshold power is reduced by 2.5 dB, 1.75 dB, and 2.75 dB in the forward, 
backward, and bi-directional Raman amplifiers, respectively; by the same Raman 
pump power 150 mW at 1480 nm with the Brillouin pump wavelength 1580 nm. 
 
         
     
                                Ch.5: Mutiwavelength Brillouin Raman Fiber Lasers 
 
 
191 
 
    
(a)
-55
-45
-35
-25
-15
-5
5
15
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Brillouin Pump Power (dBm)
P
e
a
k
 P
o
w
e
r 
(d
B
m
)
 
 
     
(b)
-55
-45
-35
-25
-15
-5
5
15
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Brillouin Pump Power (dBm)
P
e
a
k
 P
o
w
e
r 
(d
B
m
)
 
 
                                Ch.5: Mutiwavelength Brillouin Raman Fiber Lasers 
 
 
192 
 
    
(c)
-55
-45
-35
-25
-15
-5
5
15
0 1 2 3 4 5 6 7 8 9 10 11 12 13
Brillouin Pump Power (dBm)
P
e
a
k
 P
o
w
e
r 
(d
B
m
)
 
 
Fig. 5.9: Output transmitted BP power, solid lines, and Brillouin Stokes power, 
dashed lines, as a function of the input BP power in the case of (a) backward, (b) 
forward, and (c) bidirectional Raman pumping. The rectangles, triangles, and 
circles represent the cases where RP power is 0, 75, and 150mW, respectively 
[24]. 
 
 
In order to investigate further the effect of Raman amplification on SBS, 
we analyze the Raman on-off gain affected on Brillouin Stokes, as a function of 
the input peak power of BP signal as shown in Fig. 5.10 (a). As expected, a 
decrease in Pth is observed with increase in the Raman pump power, especially in 
the case of the forward and bi-directional Raman pumping schemes. However, 
around SBS threshold, the gain is also higher within a wider region for both the 
forward and bi-directional pumping schemes in comparison with the backward 
pumping scheme. The gain starts to show saturation with the appearance of the 
SBS and is eliminated completely beyond the SBS threshold power. Finally, the 
relationship between the change in the SBS threshold and Raman on-off gain on 
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Brillouin Stokes is shown in Fig. 5.10 (b). It is interesting that the relationship is 
simple and almost linear independent of the Raman pumping schemes.  
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Fig. 5.10: (a) shows effect of Raman on–off gain on the peak power of Brillouin 
Stokes against various input BP and RP powers. SBS threshold reduction (SBS 
TR) against peak Raman on–off gain can also be deduced, as shown in (b). 
Different Raman pumping schemes are indicated by markers, i.e., backward 
(circle), bidirectional (triangle), and forward (square). Solid lines and solid 
markers represent RP power at 150 mW, whereas dashed lines and hollow markers 
represent RP power at 75 mW [24]. 
 
 
 
5.6  Summary 
Raman amplifiers are able to provide multiwavelength Brillouin Raman 
fiber lasers (MBRFL). The line spacing is equal to the Brillouin shift which is 
about 0.08 nm. By using higher Raman pump and by choosing the Brillouin pump 
near the Raman peak gain, the peak power of MBRFL lines is higher. In addition,  
under different Raman pumping schemes, the reduction of the SBS threshold 
power is highest for the bi-directional Raman amplification and is the lowest for 
the backward Raman pumping scheme. The result shows that SBS threshold 
decreases with the increase of Raman gain affected on SBS and this decrease is 
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much faster for bi-directional and forward pumping than backward pumping. 
However, the amount of reduction depends strongly and solely on the Raman gain, 
independent of Raman pumping scheme.  
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 Chapter 6: 
 
Conclusion and Future Works 
 
In this chapter, we summarize all the presented works done to generate 
multiwavelength Brillouin fiber laser sources. Then, some suggestions for future 
works will also be presented. 
 
6.3 Conclusion 
At first, the work is focused on increasing power conversion from the input 
Brillouin pump (BP) to the backward-propagating Brillouin fiber lasers (BFLs) to 
generate high power BFLs in ring and linear cavities. Due to the reduction of loss 
in the proposed ring cavity, the generated BFL has a peak power which is 5.7 dB 
higher than that one produced in the conventional ring cavity by using the same 
components and the same BP power. The BFL generation in linear cavities is also 
mentioned with fiber Bragg gratings (FBGs) and optical circulators (OCs) where 
Ports 3 and 1 are connected to each other so that the OCs can reflect the wave 
injected in Port 2.      
In linear cavities, although some researches have been done on producing 
high power BFLs, the generated Brillouin peak power is lower than the transmitted 
BP peak power. In other words, the energy conversion from the BP to the 
generated BFL is low as a problem in the reported literatures. In this work, after 
reviewing the conventional BFL linear cavities, we try to solve the problem. In the 
proposed linear cavity, even though the second Brillouin Stokes has been 
generated, the generated BFL peak power is higher than the transmitted Brillouin 
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laser pump peak power. Indeed, considering the Brillouin Pump in the output, the 
generated spectrum is a dual–wavelength fiber laser source with the channel 
spacing 0.08 nm. The BFL peak power generated in the proposed linear cavity is 
12.3 dB higher than the BFL peak power in the conventional one using the same 
input Brillouin laser pump with the peak power 14.4 dBm.  
MBFLs are also demonstrated by using ring and linear cavities as an 
application of BFLs. More than 14 and 9 BFL lines are demonstrated in the ring 
and linear cavities, respectively. In the ring cavity, the both wavelength spacing 
0.08 nm (~10 GHz) and 0.16 nm (~20 GHz) can be obtained with the bi-
directional multi-wavelength generation. The transmitted BP and even Stokes are 
propagating in the forward direction whereas the odd Stokes are in the backward 
direction. The consecutive odd and even Stokes have the wavelength spacing 0.16 
nm. The combination of the forward and backward direction generates MBFL with 
the 0.08 nm wavelength spacing. In the linear cavity, however, only the 
wavelength spacing 0.08 nm (~10 GHz) is obtained. In addition, the peak powers 
of lines in the linear cavity are more comparable and the generated comb is more 
flat than that obtained in the ring cavity. The generated MBFLs are suitable for 
some applications such as optical sensors. Since BFLs are very coherent light 
sources with ultra-narrow linewidths, BFLs have also been used in various 
applications such as microwave generation and gyroscopes.      
 In this work, the BFL linewidth is also measured using the heterodyne 
method. BFL linewidth measurements have been a challenge due to the ultra-
narrow BFL linewidth. In addition, BFLs can be used for laser linewidth 
measurement due to their ultranarrow linewidth. The tunable laser source (TLS) 
linewidth measurement is done using an independent Brillouin fiber ring laser 
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(BFRL) in the heterodyne configuration. The BFRL is generated in a conventional 
ring cavity by using a TLS in the narrow linewidth setting. In the heterodyne 
configuration, the BFRL is emitted as the local oscillator or the continuous wave 
to measure the linewidths of an independent TLS in the narrow and wide linewidth 
settings. It is revealed that the TLS has the linewidth values of 15 MHz and 124 
MHz in the narrow and wide linewidth settings, respectively. In the same 
configuration, the BFRL linewidths are determined to be 8 Hz and 24 Hz by using 
two uncorrelated BFRLs generated by a BP linewidth of 15 MHz and 124 MHz, 
respectively. The measured BFL linewidths are in the range of a few hertz as 
expected. 
In order to increase number of lines in MBFLs, we use a Bismuth based 
Erbium doped fiber amplifier (Bi-EDFA) in the linear cavity. More than 50 of 
lines have been generated only by using 2.15 m Bi-EDF in the proposed linear 
cavity. The applied Brillouin pump and Bi-EDFA pump are 5 dBm, and 120 mW, 
respectively. The resulted MBFL can operate in the C band and the L band 
wavelength region due to the wider operational wavelength of the Bi-EDF in 
comparison with the traditional MBEFL. In addition, the generated comb of 
MBEFL is more flat.  
MBEFls cannot be generated in any wavelength due to the limited 
operational wavelength of EDFAs in the C and L band wavelength regions. 
Therefore, in order to generate a multiwavelength at any wavelength, a Raman 
amplifier is used instead of an EDFA in a MBFL cavity. The other method to 
generate a multiwavelength laser source, a Raman amplifier is prepared in the 
cavity to increase number of lines. Here, in a ring cavity, we injected the Raman 
pump power 150 mW in the same direction as the Brillouin pump through the 
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single-mode fiber. Therefore, the SMF operate simultaneously as the Brillouin and 
Raman gain medium to preparing the Raman gain for amplifying the Brillouin 
Stokes and to increase number of lines. By using 150 mW Raman pump power and 
5.5 dBm Brillouin pump power, only the second and the third Brillouin Stokes are 
generated in the resulted multiwavelength Brillouin Raman fiber laser (MBRFL). 
The used SMF and the Brillouin and Raman pumps are according to our available 
components. In spite of the MBEFL and MBRFL generation, MBFLs have the 
benefit that they can be generated in any wavelength by using a simple cavity 
configuration as soon as only the BP power is available.       
The interaction between Raman amplification and stimulated Brillouin 
scattering is also investigated in the last part of this thesis. The results show that 
the reduction in the SBS threshold power occurs under different Raman pumping 
schemes in a linear cavity with 25km SMF. The SBS threshold decreases with the 
increase of Raman-gain On-Off and this decrease is much faster for bi-directional 
and forward pumping than for backward pumping due to the lower Raman gain at 
this Raman pumping scheme. It is revealed that the amount of SBS threshold 
reduction depends strongly and solely on the gain effect on it, independent of 
Raman pumping scheme.  
6.4 Future Works 
 For future works, the theoretical understanding on high efficiency BFL is 
required towards further improvement of the proposed linear cavity BFL. This 
understanding should also focus particularly on the four-wave mixing and the 
initial noise on the BFL which seems to be important factors in generating a stable 
BFL. By using a polarization controller (PC) in MBFL generation, the number of 
lines is expected to be increased since the evolution of the polarization state of the 
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Brillouin Stokes wave becomes self-consistent which is an important requirement 
for effective Brillouin fiber laser. 
Compact devices for MBEFL generation can be realized with the existence 
of highly non-linear fibers such as holey fibers instead of SMF, a more compact 
BEFL can be designed using the proposed configuration. Using higher Raman 
pumps and fibers having higher Raman gain such as DCF, the proposed method 
for generating MBRLs can be used to produce multiwavelength laser source at any 
wavelength as long as the Raman and Brillouin pump are available. 
The theoretical work is required for the understanding of the reduction in 
the SBS threshold power under different Raman pumping schemes in a cavity 
BFL. Why the amount of SBS threshold reduction depends strongly and solely on 
the Raman gain seems to be a challenging theoretical work. Having a lot of 
experimental information about the Brillouin pump linewidth and the generated 
BFL linewidth, it seems that further theoretical work is also necessary to be done 
on the BFL linewidth and its dependence to the BP linewidth. 
As an active area of research in nonlinear fiber optics, it seems that BFLs, 
MBFLs, MBEFLs, and MBRFLs remain as an important issue of the future.   
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General Characteristics  
  
 Optical sources such as fiber lasers can be evaluated based on a number 
of characteristics which are briefly introduced here as the basis of most of the 
theoretical and experimental works that are carried out in the subsequent chapters. 
These characteristics include output power, operational wavelength, spectral 
linewidth, finesse, modulation bandwidth, stability, threshold, efficiency and side 
mode suppression ratio (SMSR) or the signal to noise ratio (SNR) as will be 
discussed in what is to follow. 
 
A.1 Output Power 
The most important characteristic of an optical source especially in nonlinear 
optics is its output power. In both linear and nonlinear optics, it is useful to 
express received power I (and also the transmitted power for all components) in 
decibel units defined as  
 
                                     I (in dBm) =10 Log10 I (in mW)                                    (A.1) 
 
The letter m in dBm is a reminder of the reference level of 1 mW chosen for 
convenience. In this decibel scale for the absolute power, 1 mW corresponds to 0 
dBm, whereas powers less than 1 mW are expressed as negative numbers. The 
amount of power required depends on the applications. In fiber optics 
communications for example, the launched power is normally less than a few 
miliwatts due to SBS generation [1] whereas large powers are used commonly in 
experiments on nonlinear fiber optics. Higher power optical sources are now 
available at reasonable prices; however, the maximum optical power is limited by 
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a few factors, such as nonlinear phenomena (scattering especially SBS as cited 
before), the damage threshold of the components and the safety of the users. The 
damage threshold power of components must be considered particularly when 
amplifiers are used. For example, damage to the connector‟s ferrule has been 
reported to occur at a source power of about 16 dBm [2].   
  
A.2 Operational Wavelength 
 At the time of writing, the 1550 nm wavelength is the most widely used 
wavelength since the minimum loss of single-mode fibers is about 0.2 dB/km near 
1550 nm as shown in Fig A.1. The advantage of using a single-mode optical fiber 
is that this type of fiber has less internal (Rayleigh) scattering in comparison to 
multimode optical fibers. A secondary minimum less than 0.35 dB/km occurs near 
the 1310nm wavelength region. Note that the peak near 1.4 μm and a smaller peak 
near 1.23 μm seen in Fig. A.1 occur due to absorption caused by hydroxyl (OH) 
impurities or residual water vapour in the silica fiber [1]. Therefore, it is only 
logical that the operational wavelength of most commercial optical components 
and also optical sources to be near 1550 nm. However, in special works such as 
Erbium and Ytterbium optical amplifiers where we have to use other wavelengths 
of 980 nm and 1060 nm respectively, optical sources and optical components 
suitable in these regions of operational wavelengths should be made available.  
 
                                                                       Appendix A: General Characteristics  
 
206 
 
 
Fig. A.1: Fiber attenuation as a function of wavelength for standard single-mode 
optical fiber [1]. 
           
A.3 Linewidth 
 Linewidth is defined as the full width at half maximum (FWHM) of a 
power spectrum. In the decibel scale, it is equal to the width of the spectrum at -3 
dB of the maximum power. In nonlinear optics, SBS threshold power depends on 
the linewidth or spectral width of the source or pump power; in other words, the 
SBS threshold increases when the spectral width of the pump power increases with 
the condition that the spectral width of the pump is much greater than the spectral 
width of the Brillouin gain spectrum [3]. In optical fiber communication systems, 
the smaller the spectral width, the better the condition for communication; 
however, this requirement is reversed in sensor systems. That‟s to say, a smaller 
spectral width source contributes to a smaller material dispersion in a silica fiber 
optics, so that a broader bandwidth is allowed in optical communication [4]. In 
contrast, the smaller spectral width in a sensor system contributes to a higher 
coherent noise [5]. The coherent noise is not a factor in optical communication 
because the transmission distance is long enough that the coherency noise is lost. 
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In chapter 4, we discuss the method used in this work to measure the ultra-narrow 
BFL linewidth which is reported from to be in the range of a few Hz to a few kHz.   
   
A.4 Threshold Power 
 The minimum amount of pump power required for a laser source to 
begin lasing is defined as the threshold power. When the pump power is below the 
threshold power, the output power of the laser source is incoherent and 
spontaneous. Pumping above the threshold results in a narrowing of the spectral 
width. Lower lasing threshold is preferred for a laser source since lower optical 
pump power consumption is required. In an optical transmission system, however, 
to increase the transmission distance by using a high-input power requires the SBS 
threshold to be increased. In a cavity, a low threshold power requires low cavity 
losses and high gain efficiency. The question of what values are most appropriate 
for the threshold pump power is one of the fundamental issues of laser design. The 
threshold can be characterized by three phenomena; the sudden increment in 
power, the significant reduction in the spectral width, and the clamping of the 
amplified spontaneous emission (ASE) level. 
 
A.5 Finesse 
 The spectral width  of each mode in a cavity can be given by: 
 
                                                     
F



                                                        (A.2) 
 
where ,  the free spectrum range, is the separation between modes in the 
frequency domain and F is referred to as the finesse of the cavity. The greater the 
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finesse, the sharper the bands of transmitted frequency are relative to their 
separation.  For a conventional Fabry-Perot cavity,   is readily calculated as: 
 
                                                    
nL
c
2
                                                       (A.3) 
 
where c is the speed of light in vacuum, n is the refraction index of the medium in 
the cavity and L is the cavity length. The factor 2 will be omitted in a ring cavity 
with the same length L. In addition, F is determined by the following equation: 
 
                                                   
L-
L-
Re1
)(Re
F



                                                   (A.4) 
in which 21RRR   is the geometric mean of the two mirror irradiance 
reflectivities and α is the internal power loss coefficient.  
 
A.6 Modulation Bandwidth   
 Optical data modulation involves the conversion of an electrical data 
signal into an optical data signal by using the electrical data to temporally alter one 
or more physical properties of the optical signal. The intensity, phase and 
frequency of the optical signal can all be altered in this way [6]. Semiconductor 
laser diodes as an example of optical sources can be directly modulated through 
their driving currents. However, fiber lasers can only be externally modulated for 
high speed external modulation due to its long atomic carrier lifetime [7]. This 
characteristic however, is not covered in this study as we are only concentrating on 
the device study rather than the transmission where the modulation rate is 
extremely important. 
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A.7 Laser Stability     
  Laser stability is one of the important elements for a laser source and 
sensor applications. It refers to the temporal stability of the peak power and 
wavelength of the laser source in the condition that variation in the peak power 
and the wavelength of the laser source is minimized. Many factors influence a 
source‟s stability, such as temperature, pump condition and the gain dynamics. On 
the other hand, the stability of a BFL depends on the Brillouin pump power level, 
polarization control, total laser cavity length, temperature and the output coupling 
ratio [8]. By improving these parameters and especially applying a polarization 
controller, we can improve the BFL stability. In addition, semiconductor laser 
diodes are very much temperature dependent whereas fiber lasers are less severely 
affected [9]. 
 
A.8 Slope Efficiency 
 An important characteristic of a pumped laser source is its slope 
efficiency, also called differential efficiency. It is obtained by plotting the laser 
output power against the input pump power. The plotting curve is usually close to 
a straight line above the threshold power and the slope efficiency is the slope of 
this line. This characteristic is due to the same optical loss for all input powers in a 
cavity. However, the curve may be nonlinear especially for high power lasers, 
typically with lower slope at high input powers. 
                                                                       Appendix A: General Characteristics  
 
210 
 
  
      
    Fig. A.2:    Output power versus input pump power for an optical pumped laser. 
    It shows that the threshold pump power is 5 W, and the slope efficiency is 80%. 
  
For an optical laser source, efficiency represents the ratio of the lasing output 
power over the pump power, in other words, the conversion of the pump energy to 
the lasing energy. For example, efficiency of a BFL system has been reported to 
be about 80%. This value can be obtained from the slope of the transfer 
characteristic curve as shown in Fig. A.2. Efficiency is also being used to refer to 
the power launching or power coupling efficiency between the source and the 
input end of the fiber. The direct (without lenses) coupling efficiency for the LD is 
about 30% however, fiber lasers have the best coupling efficiency of more than 
97% [10].   
 There are still some lingering questions about efficiency. Why is the 
efficiency of most lasers limited to values of anything from 0.1% to 30%? What 
are the limiting factors? What are some ways presently being researched to 
increase efficiency? In this work, we are going to increase the efficiency in a linear 
cavity BFL generation which will be discussed in chapter 3.  
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A.9 Side Mode Suppression Ratio (SMSR) 
 An expression of the quality of a single-mode laser is the SMSR 
defined as the difference in amplitude between the main spectral mode to the most 
dominant side mode. A source is more generally characterized by the SMSR, 
however, SMSR can be confused with the signal to noise ratio, SNR [11]. SNR 
actually refers to the ratio between the peak signal point and the noise level shown 
in Fig. A.3. 
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Fig. A.3: Definition of the SMSR and SNR in BFL generation at about 1550.1 nm 
with a Brillouin pump at approximately 1550 nm.   
 
A.10  Noise Figure 
 A measure of the noise characteristic of an amplifier is the noise figure (F). 
It is defined by the ratio of the input signal to noise (S/N) ratio to the output S/N 
ratio as 
Noise 
Level 
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                                          (A.5)    
It is a factor of the degradation in the signal under the amplification. Amplification 
increases the signal power to a suitable level; however, it degrades the information 
of the signal. The amplifier‟s noise figure is often express in the decibel unit as   
                                                           LogFFdB                                               (A.6) 
All amplifiers show noise figure more than unity ( 0dBF ). Thus, they diminish 
the signal quality. Nevertheless, optical amplification improves the signal 
performance when it is compared with that of systems in which the receiver 
amplifies the signal electrically after the detection. Typically, semiconductor 
optical amplifiers have the poorest noise figure of about 8 dB, EDFAs have the 
noise figure around 5-6 dB whereas good Raman amplifiers have noise figures less 
than 4.5 dB.   
A.11  Single-Mode Optical Fibers 
 In order to eliminate intermodal dispersion, single-mode fibers are 
proposed in the 1.3 µm wavelength band around the year 1984. Single-mode fiber 
has a relatively small core diameter of about 8 to 10 µm, which is a small multiple 
of the operating wavelength range of the light signal. This forces all the energy in 
a light signal to travel in the form of a single mode. Single-mode optical fibers are 
preferred for long haul, large bandwidth and for using with integrated optic 
components. However, single-mode fibers are not completely single mode since 
they can simultaneously support two modes of orthogonal polarizations 
corresponding to the fundamental mode HE11 (LP01) [11]. In addition, these two 
orthogonally polarized modes are degenerate under ideal conditions because they 
have the same propagation constant. In practice, however, this degeneracy breaks 
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slightly due to some irregularities such as random variations in the core shape and 
its size along the length of the fiber. This mixes randomly the two polarization 
components, and scrambles the polarization of the incident light as it propagates 
through the single-mode fiber. Nevertheless, for some applications, it is required 
that fibers maintain state of polarization for transmission light. Such fibers called 
polarization-maintaining fibers (PMFs) or polarization-preserving fibers do this 
requirement [12].  Random fluctuations in the core shape and size of the PMFs are 
not the governing parameters in state of polarization in these fibers since such 
fibers can preserve the linear polarization if the light is launched with its 
polarization along one of the principal axes of the fiber.  
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A configuration for linear cavity Brillouin fiber laser (BFL) generation is demonstrated using a standard
single-mode fiber, two optical circulators, a 3 dB coupler, and a 95/5 coupler to allow high efficiency. With a
Brillouin pump (BP) power of 13 dBm, the laser peak power is 12.3 dB higher than a conventional linear
cavity BFL at an upshifted wavelength of 0.086 nm from the BP wavelength. In addition, it is revealed that
the BFL peak power can be higher than the transmitted BP peak power when the BP power exceeds the
second Brillouin Stokes threshold power. © 2008 Optical Society of America
OCIS codes: 290.5900, 060.2310, 060.3510, 230.5750.Stimulated Brillouin scattering (SBS) arises from a
common interaction between the intense pump light
and acoustic waves in a single mode fiber (SMF) that
gives rise to backward-propagating frequency-
downshifted light [1]. The thermally excited acoustic
waves generate an index grating that copropagates
with the pump at the acoustic velocity in the SMF.
This moving grating reflects the pump light and
causes the backscattered light to experience a down-
shift in the frequency as a result of the Doppler ef-
fect. SBS has potential applications in sensors [2,3]
and in the realization of very narrow linewidth Bril-
louin fiber lasers (BFLs), whereby the Stokes line-
width becomes significantly narrower than the pump
linewidth with reductions of up to a few hertz [4–6].
Moreover, a BFL can be designed for virtually any
wavelength, provided that the required pump laser is
available, thus showing a high potential for applica-
tions in metrology and spectroscopy.
Typically, most BFLs operate in a ring configura-
tion, but to our knowledge until now there have been
only a few reports on linear cavity BFLs. The main
reason for this is that conventional linear cavity
BFLs suffer from problems such as the generation of
high-order Stokes and anti-Stokes waves and the
performance of the output transmitted BP power
higher than the Brillouin laser [7,8]. In this Letter,
we demonstrate a new design for a linear cavity or
Fabry–Perot cavity BFL in which the BFL peak
power can be higher than the transmitted output BP
peak power when the BP power exceeds the second
Brillouin Stokes threshold power of 12 dBm. Stable
operation of the BFL is obtained at an upshifted
wavelength of 0.086 nm from the pump wavelength.
The proposed configuration is shown in Fig. 1(a),
whereby the linear cavity is formed by two optical cir-
culators (OC1 and OC2), a 3 dB (50/50) coupler, and a
95/5 coupler located between ports 3 and 1 of OC1
and OC2, respectively. A 25 km long SMF is used as a
gain medium and has an attenuation coefficient of
0.19 dB/km at 1550 nm, a cutoff wavelength of
1161 nm with a zero dispersion wavelength of
1315 nm, and a mode field diameter of 9.36 m. The
0146-9592/08/080770-3/$15.00 ©SMF is pumped by an external cavity tunable laser
source (TLS) that is amplified by an erbium-doped fi-
ber amplifier (EDFA) and fed into the system. The
maximum power of the amplified BP is 13 dBm.
The BP is injected into the SMF via the 3 dB coupler
and OC1 in a forward (clockwise) direction at z=0 as
indicated in Fig. 1(a). The first backward-
propagating Stokes, initiated at z=L from spontane-
ous Brillouin scattering or a seed signal, oscillates in-
side the resonator to subsequently generate the BFL
and the second-order forward-propagating Brillouin
Stokes that is started at z=0 through cascaded SBS.
The 95/5 coupler extracts the output power and sup-
presses higher-order anti-Stokes and Stokes genera-
tion. The first anti-Stokes wave arises due to four-
wave mixing (FWM) between copropagating BP and
BFL photons. The output laser is characterized using
an optical spectrum analyzer (OSA) with a resolution
Fig. 1. Experimental setup for (a) proposed and (b) con-
ventional linear cavity configurations.
2008 Optical Society of America
April 15, 2008 / Vol. 33, No. 8 / OPTICS LETTERS 771of 0.015 nm. The experiment is also carried out for
the conventional configuration [8] in which a 22
95/5 coupler is placed before the SMF as depicted in
Fig. 1(b) for comparison purposes.
Operational principles of the BFL system can be
described as the following. The steady-state interac-
tion between the BP and Stokes waves are governed
by the nonlinear coupled equations [9]
dIPz
dz
= − gBIPzIS1z − IPz,
dIS1z
dz
= − gBIPzIS1z − IS1zIS2z + IS1z,
dIS2z
dz
= gBIS1zIS2z − IS2z, 1
where IPz, IS1z, and IS2z are the pump and first-
and second-order Stokes intensities, respectively, as
functions of the distance in the fiber; gB is the Bril-
louin gain parameter that depends on the fiber; and 
is the fiber attenuation coefficient. Since consider-
ations (in this Letter) are restricted to a weak-
reflectivity limit of the exit face, interactions of the
reflected fields with the initial pump and the already
present Stokes fields in the fiber can be neglected. To
determine the effect of feedback, the following bound-
ary conditions must hold:
IP0 = I01 −R1 +R1IP
R0,
IP
RL =R2IPL,
IS1
R 0 =R1IS10,
IS1L =R2IS1
R L,
IS20 =R1IS2
R 0,
IS2
R L =R2IS2L, 2
where IP
Rz, IS1
R z, and IS2
R z determine the reflected
pump and the reflected first and second Stokes
waves, respectively. I0 is the maximum pump power
coupled into the fiber, and R1 and R2 are the intensity
reflectivities of the entrance and exit faces of the cav-
ity, respectively. Opposite to IPz, IS2z, and IS1z,
the reflected waves IP
Rz and IS2
R z, starting at z=L,
travels in −z, whereas IS1
R z, initiated at z=0, travels
in +z, so that, in a similar way to the derivation of
Eq. (1), we can readily write equations governing the
reflected waves. The equations for the reflected
waves in addition to Eqs. (1) and (2) govern the dy-
namics of the linear cavity BFL system that enable it
to operate on the first two Stokes components. There
are still two questions that have to be considered.
First it is FWM that especially describes anti-Stokes
generation. Second, the seeding noise that initiates
laser emission, although above the lasing threshold,this noise is much weaker than all the other factors,
so we ignore it in our analytical calculation.
Figure 2 compares the output BFL spectrum of the
proposed and conventional configurations. As shown
in Fig. 2, for the proposed configuration, two Stokes
waves at 1550.101 and 1550.187 nm and one anti-
Stokes wave at 1549.929 nm are obtained around the
oscillated BP at 1550.015 nm, whereas we have only
the first Stokes wave in the conventional cavity. The
laser is generated by the Brillouin gain in the SMF.
As the BP is coupled into the SMF, the first Stokes
signal is generated at an upshifted wavelength of
0.086 nm owing to the Brillouin scattering effect.
Also, with the BP power of 13 dBm in both configura-
tions, Fig. 2 shows that the BFL peak in the proposed
configuration is −1 dBm; in other words, it is 12.3 dB
higher as compared to the conventional configuration
owing to the reduction of round-trip loss in the pro-
posed BFL configuration, where the couplers are set
Fig. 2. (Color online) BFL output spectra for different con-
figurations at a BP power of 13 dBm.
Fig. 3. (Color online) SBS and the transmitted output BP
peak powers against input BP peak power for both conven-
tional (C) and proposed (P) configurations.
772 OPTICS LETTERS / Vol. 33, No. 8 / April 15, 2008between ports 1 and 3 of the circulators. In the con-
ventional configuration, the BP and SBS light beams
propagate twice into the 95/5 coupler to complete one
oscillation inside the cavity, and thus the cavity loss
is increased. In addition, as shown in Fig. 3, it is re-
vealed that when the BP power exceeds the second
SBS threshold power of 12 dBm, the peak power of
the BFL shows a distinct saturation behavior in its
output power and can be 0.5 dB higher than the
transmitted BP peak power.
In conclusion, a linear cavity BFL configuration
has been demonstrated by incorporating a 3 dB cou-
pler, a 95/5 coupler, two OCs, and a 25 km SMF that
allow a very high conversion efficiency. A stable BFL
operation was obtained at an upshifted wavelength of
0.086 nm from the pump wavelength with the BFL
peak power of −1 dBm, which is 12.3 dB higher than
the conventional BFL with the same BP power of
13 dBm owing to the reduced cavity loss in the pro-
posed configuration. When the pump power exceeds
the second SBS threshold power, it is revealed that
the BFL peak power can be higher than the transmit-ted BP peak power so that a very high conversion ef-
ficiency can be obtained.
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Abstract
Bidirectional multiwavelength Brillouin fiber laser (BFL) generation is demonstrated using a
25 km long single-mode fiber as a Brillouin gain medium in a ring cavity. Odd-order Brillouin
Stokes waves appear in the backward direction whereas Brillouin pump and the even Stokes
orders are in the forward direction with the line spacing 0.16 nm (∼20 GHz) between each two
consecutive waves in forward and backward directions. In addition, by a combination of the
backward and forward outputs, we have a higher number comb generation of a multiwavelength
BFL with the line spacing 0.08 nm (∼10 GHz). The proposed configuration can work at any
wavelength which is a benefit to the others.
Keywords: fiber optics, stimulated Brillouin scattering, fiber lasers, multiwavelength light
source, BFLs
(Some figures in this article are in colour only in the electronic version)
1. Introduction
Laser sources capable of producing more than one wavelength
with an accurate wavelength difference between the signals
are of significant importance for applications in optical
sensors, microwave signal processing, optical spectroscopy
instrumentation and high capacity communication networks.
The requirements for this type of laser source should have
the criteria for closely spaced multiwavelength line spacing
and stabilized flattened peak powers between adjacent lines.
Operation of these lasers at low threshold powers would
also be of significant advantage. In order to fulfill the
above requirements, different approaches have been taken such
as multiwavelength erbium-doped fiber lasers (MWEDFLs),
multiwavelength Brillouin erbium fiber lasers (MWBEFLs),
multiwavelength Brillouin–Raman fiber lasers (MWBRFLs),
and multiwavelength Brillouin fiber lasers (MWBFLs) [1–4].
Stable multiwavelength sources based on erbium-doped fibers
(EDFs), such as MWEDFLs, are difficult to obtain due to
the homogeneous broadening of laser modes, which in turn
results in mode competition. As such, MWEDFLs so far have
only been demonstrated by cooling of the gain medium of an
erbium-doped fiber to liquid-nitrogen temperature [1], or by
using a specially designed twin-core EDF [2], so as to reduce
the homogeneous linewidth of the gain medium and therefore
to prevent mode competition between adjacent laser lines.
Hybrid MWBEFLs with a feedback scheme are one of the
most common candidates for realizing ultra-dense wavelength
operation, although they have a wavelength limitation due to
EDFA amplification bandwidth [3, 4]. Special fibers such
as dispersion compensating fibers (DCFs) have been used to
increase the Raman gain in MWBRFLs generation, limited
only by the available Raman and Brillouin pump sources [5, 6].
Of the various approaches, the use of BFLs has not been
considered seriously because of the limited number of lasing
lines and undesirable power flatness [7, 8]. In this paper,
a proposed MWBFL utilizes Brillouin gain from a single-
mode fiber (SMF), fiber couplers and an optical circulator
so as to generate necessary feedback for multiwavelength
BFL performance. Bidirectional multiwavelength operation
can be obtained, with 20 GHz multiwavelength operation
corresponding to the case that even-and odd-order Stokes
1464-4258/08/055101+03$30.00 © 2008 IOP Publishing Ltd Printed in the UK1
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Figure 1. The proposed experimental set-up for generation of 10 and 20 GHz combs.
waves of BFLs are discriminated in the forward and backward
direction, respectively. However, 10 GHz BFL optical comb
generation can be obtained by the backward and forward
combination.
2. Experimental set-up
The proposed configuration of the multiwavelength BFL is
shown in figure 1. The elements of the cavity are a 3 dB coupler
(2 × 2), C1, another 3 dB coupler (1 × 2), C2, a four-port
optical circulator, OC, and a 25 km SMF as the gain medium.
The SMF has a cutoff wavelength of 1167 nm with a zero
dispersion wavelength of 1315 nm and a mode field diameter
of 9.36 μm. The BFL is pumped by an external cavity tunable
laser source (TLS) with a linewidth of approximately 15 MHz
which is amplified by an erbium-doped fiber amplifier (EDFA)
to provide the maximum power of 14 dB m at an output
wavelength of 1560 nm, which in this case is the Brillouin
pump (BP). A polarization controller (PC) is used to control
the polarization of the pump wave so that the evolution of the
polarization state of the Stokes wave becomes self-consistent,
an important requirement for effective Brillouin lasing output.
The 25 km SMF in cavity 1 is pumped by the BP that
generates the first Stokes wave that travels in the clockwise
direction of cavity 1 and is emitted at leg 2 into the second
cavity. This provides the required feedback for cavity 1
whereby this first Stokes travels back into this cavity through
leg 4 and leg 1 of coupler C1. This first Stokes will experience
amplification from the 25 km SMF acting as a Brillouin gain
medium. At the same time, this first Stokes will act as the
pump that will generate the second Stokes in the anti-clockwise
direction and will oscillate in cavity 1 until it gains enough
power where a portion of this power will be emitted at leg 4 and
will travel in cavity 2 to be emitted as output 1 (even Stokes)
at port 4 of the OC. The first Stokes (odd) will be emitted at
output 2 of C2. This process repeats to produce the subsequent
odd and even Stokes as mentioned in this experiment. From
figure 1, the odd Stokes can oscillate in both cavities, but the
even Stokes will only oscillate in cavity 1 whereby cavity 2
provides the means for output extraction.
Figure 2. Comb generation with 0.16 nm (∼20 GHz) between two
consecutive lines in the forward and backward directions.
3. Results and discussion
A strong pump beam of frequency ωp generates the first
backward propagating Stokes signal of frequency ω1s, a
Brillouin frequency down-shifted by ωB with respect to the
pump beam (i.e. ω1s = ωp − ωB). Then the first Stokes
generates the second Stokes which propagates in the opposite
direction, as explained earlier in the above section. If a
threshold condition is satisfied, this will generate a cascading
Brillouin effect as a comb of lines as shown in figure 2. From
the figure, the spacing between two consecutive even or odd
Stokes lines is about 0.16 nm. Those lines before the BP line
are anti-Stokes lines. This occurs when the various Stokes
waves interact with the pump wave which generates these anti-
Stokes ωω through the degenerate FWM process.
By combining the two ports, output 1 and output 2,
we have a multiwavelength BFL generation with the spacing
0.08 (nm), 10 (GHz), between each two adjacent lines as shown
in figure 3. Although there is a power variation between the
subsequent Stokes lines, using a gain flattening filter such as
the long-period fiber gratings may help to improve and flatten
this output, thus making it possible to use this system as a
multiple-wavelength output source.
From figure 3, the peak power of odd and even Stokes
and anti-Stokes lines can be measured for different BP powers.
These measured peak powers are depicted in figure 4 for
2
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Figure 3. Eight-line spacing 0.08 nm (∼10 GHz) of BFL comb
generation.
Figure 4. Reflected Brillouin pump and Stokes waves power plotted
against BP power.
the Stokes and figure 5 for the anti-Stokes, respectively.
From [9, 10], the threshold condition of each Brillouin Stokes
line can be defined as the intersection point between the
reflected BP power and the Stokes output as shown in figure 4.
The reflected BP power is taken from the backward scattering
as indicated in figure 2 for each different BP power. Also, as
shown in figure 4, the Stokes lines begin to saturate as the BP
power increases. For instance, the second Stokes line saturates
as the threshold for the third Stokes is reached. This is due to
the power transfer from the second Stokes to the third Stokes,
which occurs when the BP power is approximately at 6.5 dB m.
The same thing can be said for the third and fourth Stokes at
10 dB m of the BP, which is the threshold of the fourth Stokes.
Figure 5 shows the peak output power of the first, second,
third and fourth anti-Stokes at different BP powers. For the
case of the first Stokes, the peak power of the first anti-Stokes
increases linearly with the BP power, but at approximately
13 dB m, the peak power increases significantly. The same
effect is observed in the second anti-Stokes, in which the
power rises linearly with the increase of the BP until the BP
is approximately 13 dB m, whereby the peak power rises
significantly. The third and fourth anti-Stokes also show the
same effect, rising linearly with the BP until a BP power of
14 dB m, whereby the rise becomes significant.
Figure 5. Anti-Stokes power plotted against BP power.
4. Conclusion
We have demonstrated a bidirectional multiwavelength BFL
generation using a 25 km single-mode fiber by the cascaded
Brillouin scattering and four-wave mixing processes. The
wavelength spacing 0.08 (nm) and 0.16 (nm) are obtained with
the bidirectional multiwavelength generation suitable for some
applications such as optical sensors. Depending only on the
BP wavelength, the proposed configuration can work at any
wavelength which is a benefit to the others.
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Abstract: A linear cavity Brillouin ﬁber laser (BFL) is proposed
and demonstrated for multi-wavelength operation. The BFL uses
a single mode ﬁber (SMF) as a non-linear gain medium and an
optical circulator to generate a linear cavity resonator. Two cou-
plers are used to inject the Brillouin Pump (BP) and tap the BFL
output respectively. The effect of the coupler ratio on the BFL
performance is studied by keeping constant the ratio of the ﬁrst
coupler and varying the ratio of the second coupler. 11 simulta-
neous lines with a line spacing of 0.8 nm are obtained at a BP of
11.7 dBm and a coupler ratio of 95:5. The laser output is stable
at room temperature with 5 lines obtained at above – 30 dBm,
and has the largest signal to noise ratio observed at the remain-
ing lines. The proposed BFL has the advantage of being able to
operate at any wavelength and is only dependent on the available
BP wavelength.
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Abstract: A linear cavity Brillouin fiber laser (BFL) is proposed
and demonstrated for multi-wavelength operation. The BFL uses
a single mode fiber (SMF) as a non-linear gain medium and an
optical circulator to generate a linear cavity resonator. Two cou-
plers are used to inject the Brillouin Pump (BP) and tap the BFL
output respectively. The effect of the coupler ratio on the BFL
performance is studied by keeping constant the ratio of the first
coupler and varying the ratio of the second coupler. 11 simulta-
neous lines with a line spacing of 0.8 nm are obtained at a BP of
11.7 dBm and a coupler ratio of 95:5. The laser output is stable
at room temperature with 5 lines obtained at above – 30 dBm,
and has the largest signal to noise ratio observed at the remain-
ing lines. The proposed BFL has the advantage of being able to
operate at any wavelength and is only dependent on the available
BP wavelength.
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1. Introduction
Multi-wavelength fiber lasers have garnered considerable
attention due to their potential in wavelength division mul-
tiplexing (WDM) systems, optical fiber sensor systems,
optical component testing and spectroscopy applications.
These lasers have been developed with various mecha-
nisms such as erbium doped fiber lasers (EDFLs) [1–
3], amplified spontaneous emission (ASE) slicing [4] and
Brillouin/Erbium fiber lasers (BEFLs) [5–7]. Recently, we
reported a multi-wavelength laser, which uses stimulated
Brillouin scattering (SBS) in a single mode fiber (SMF)
as a non-linear gain medium in a ring configuration [8,9].
SBS is a nonlinear effect that results from the interaction
between intense pump light and acoustic waves in a SMF,
thus giving rise to backward propagating frequency shifted
light. The thermally excited acoustic waves generate an in-
dex grating that co-propagates with the pump at the acous-
tic velocity in the SMF. This moving grating reflects the
pump light and causes the backscattered light to experi-
ence a frequency downshift equal to νB = 2nνA/λP ,
where νA is the acoustic velocity, n is the refractive in-
dex, and λP is the pump wavelength as a result of the
Doppler effect. In the case of a standard SMF, the shift
is determined to be approximately 0.08 nm at the 1550 nm
wavelength region.
In this paper, we demonstrate a new multi-wavelength
Brillouin Fiber Laser (BFL) using an SBS gain medium in
linear cavity. The proposed system has the advantage that
it does not use an erbium-doped fiber as a gain medium
as reported earlier by other works [4–7]. The output multi-
∗ Corresponding author: e-mail: behshirazih@yahoo.com, ∗∗ swharun@um.edu.my
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Figure 1 The proposed linear cavity BEFL
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Figure 2 (online color at www.lphys.org) Output spectrum of
the linear cavity BFL at various C2 coupling ratios, with the
higher ratio biased to port B, which is connected to port 1 of
OC2
Wavelength, nm
Po
w
e
r,
 
dB
m
-30
-20
-10
-40
-50
-60
-70
-80
1550.71550.3 1550.51550.11549.91549.71549.5
11.7 dBm
11.4 dBm
10.3 dBm
9.5 dBm
8.5 dBm
6.9 dBm
4.1 dBm
Figure 3 (online color at www.lphys.org) Output spectrum of
the proposed BFL at different BP powers
wavelength lines are obtained through careful optimization
of the output coupling ratio and the employment of an op-
tical circulator as a reflector, which is relatively more than
those obtained earlier as in references [8,9].
2. Experimental setup
The configuration of the multi-wavelength linear cavity
BFL is shown in Fig. 1. The Brillouin gain medium is a
standard 25 km long SMF-28 with cut-off and zero disper-
sion wavelengths of 1161 nm and 1315 nm respectively
and a mode field diameter of 9 µm. A signal from an ex-
ternal cavity tunable laser source (TLS) amplified by an
erbium-doped fiber amplifier (EDFA) is used as the BP.
The BP has a maximum power of approximately 11.7 dBm
with a linewidth of approximately 20 MHz. Two optical
circulators, OC1 and OC2, together with the couplers C1
and C2 act as reflectors in the linear cavity as shown in
Fig. 1. The left side reflector has a coupler (C1) with a
fixed ratio of 50:50 with one end connected to the BP. The
right side reflector coupler (C2) has a variable ratio, with
the lower percentage end connected to the optical spectrum
analyzer (OSA).
The BP is injected into the linear cavity via C1, OC1
and is then coupled into the SMF-28 to generate the first
Stokes signal propagating in the opposite direction of the
BP signal. The first Stokes travels to OC1 and is re-
circulated back into the SMF-28 to be amplified and then
moves towards OC2 and is reflected back to complete a
round-trip oscillation. This oscillation continues until the
intensity of the first Brillouin Stokes is higher than the
threshold value for Brillouin gain, upon which the sec-
ond Brillouin Stokes is generated and then begins to oscil-
late in the cavity. This process continues and subsequently
cascaded Brillouin Stokes can be generated as long as the
Brillouin gain is equal or larger than the cavity loss. The
multi-wavelength output has a line spacing of approxi-
mately 10 GHz, which is equivalent to the Stokes shift in
the SMF-28. The output of the linear cavity BFL is tapped
from port A of variable ratio coupler C2, and is measured
using an OSA with a resolution of 0.015 nm. The coupling
ratio of port B of C2 is varied from 70% to 99% (70, 80,
90, 95, and 99%) based on the availability of couplers with
these ratios during the experiment.
3. Result and discussion
The impact of the C2 coupling ratio on the performance of
the BFL is depicted in Fig. 2. In the experiment, the BP
wavelength and power is fixed at 1550 nm and 11.7 dBm,
respectively, and the higher C2 ratio is looped back into
the system through port B of C2. As shown in Fig. 2, 9 to
11 simultaneous lines are obtained with a line spacing of
approximately 0.08 nm for all coupling ratios tested. The
3 dB bandwidth of each line is about 0.02 nm, limited by
the OSA resolution of 0.015 nm. The coupling ratio of C2
controls the amount of light that has been reflected from
OC2 and a higher Port B ratio translates to a higher OC2
reflectivity. In the experiment, the minimum coupling ratio
of port B is set at 70%, as below this value the OC2 reflec-
tivity becomes very low, thus increasing the loss inside the
laser cavity and inhibiting the generation of cascaded Bril-
louin Stokes, which limits the number of Stokes and anti-
Stokes. At a port B ratio of 95%, 11 simultaneous lines are
obtained with 5 of the lines having a peak power of above
-30 dBm, which is the highest number of lines observed in
this experiment. The signal to noise ratio is also largest at
c© 2008 by Astro Ltd.
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this ratio, especially at lines with lower peak powers. This
is attributed to the high reflectivity at OC2, which subse-
quently reduces the loss inside the cavity and promotes the
generation of cascaded Brillouin Stokes and at the same
time reducing the noise at this region.
The impact of the BP power on the number of Stokes
generated by the BFL is shown in Fig. 3. The BP wave-
length is set at 1550 nm, while the BP power is varied
from 4.1 dBm to 11.7 dBm. Below BP power of 4 dBm,
the experiment is not continued as the SBS gain cannot
sufficiently compensate for the loss inside the laser cavity
and thus cannot support multi-wavelength generation. The
number of generated Stokes is observed to increase as the
BP increases and this can be attributed to the increase of
the nonlinear Brillouin gain as the BP power rises. This
situation provides sufficient signal power for higher order
Stokes signals to pump the SMF and maintain the cascad-
ing process of the Stokes into multiple Stokes. However,
the power of each subsequent Stokes line is typically lower
than that of the previous Stokes line as each subsequent
Stokes is generated with the energy of the previous Stokes,
thus slightly reducing the Stokes line’s power. The BFL
also generates anti-Stokes as shown in Fig. 2 and Fig. 3,
especially at the higher BP powers. The anti-Stokes signals
arise from the bidirectional operation and four-wave mix-
ing in the SMF and are more obvious when the BP power
is increased. The multi-wavelength output of the BFL is
observed to be stable at room temperature with only mi-
nor fluctuations observed due to external temperature vari-
ances. The BFL is advantageous as it is able to operate at
any wavelength, depending only on the availability of the
BP. Furthermore, the BFL can be made compact with the
use of highly non-linear fibers such as holey fibers for the
generation of SBS.
4. Conclusion
A new multi-wavelength BFL is demonstrated using linear
cavity configuration using two optical circulator and cou-
pler pairs as resonators with an SMF-28 as a gain medium.
The proposed BFL is able to generate up to 11 Stokes
and anti-Stokes lines with a line spacing of 0.08 nm at the
1550 nm region at a BP power of 11.7 dBm. The number of
Stokes lines obtained depends on the BP power as well as
the coupler ratio at the reflectors. At a coupler ratio of 95:5,
optimum BFL operation is achieved with 5 lines obtained
at above – 30 dBm with the largest signal to noise ratio
observed at the other lines. The multi-wavelength BFL is
stable at room temperature and is capable of operating at
any wavelength, dependent only on the BP wavelength.
References
[1] O. Graydon, W.H. Loh, R.I. Laming, and L. Dong, IEEE Pho-
ton. Technol. Lett. 8, 63–65 (1996).
[2] F. Abdullah, A.S.M. Noor, M.A. Mahdi, H.A.A. Rashid, and
M.K. Abdullah, Laser Phys. Lett. 2, 535–537 (2005).
[3] S.-P. Chen, L. Ding, S.-M. Wang, Y.-G. Li, K.-C. Lu, and S.-
H. Zhou, Laser Phys. Lett. 3, 584–587 (2006).
[4] S.W. Harun, F.A. Rahman, K. Dimyati, and H. Ahmad, Laser
Phys. Lett. 3, 495–497 (2006).
[5] M.H. Al-Mansoori, A.W. Naji, S.J. Iqbal, M.K. Abdullah, and
M.A. Mahdi, Laser Phys. Lett. 4, 371–375 (2007).
[6] S.W. Harun, M.Z. Zulkifli, and H. Ahmad, Laser Phys. Lett.
3, 369–371 (2006).
[7] S.W. Harun, S.D. Emami, F. Abd Rahman, S.Z. Muhd-Yassin,
M.K. Abd-Rahman, and H. Ahmad, Laser Phys. Lett. 4, 601–
603 (2007).
[8] S.W. Harun, M.R. Shirazi, and H. Ahmad, Laser Phys. Lett.
4, 678–680 (2007).
[9] S.W. Harun, M.R. Shirazi, and H. Ahmad, Laser Phys. Lett.
5, 48–50 (2008).
www.lphys.org
c© 2008 by Astro Ltd.
Published exclusively by WILEY-VCH Verlag GmbH & Co. KGaA
ARTICLE IN PRESS
Optics & Laser Technology 41 (2009) 198–201Contents lists available at ScienceDirectOptics & Laser Technology0030-39
doi:10.1
 Corr
E-m
harith@journal homepage: www.elsevier.com/locate/optlastecMulti-wavelength generation using a bismuth-based EDF and Brillouin effect
in a linear cavity conﬁgurationS. Shahi a, S.W. Harun b, N.S. Shahabuddin a, M.R. Shirazi a, H. Ahmad a,
a Photonics Laboratory, Department of Physics, University of Malaya, 50603 Kuala Lumpur, Malaysia
b Department of Electrical Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur Malaysiaa r t i c l e i n f o
Article history:
Received 23 January 2008
Received in revised form
23 April 2008
Accepted 7 May 2008
Available online 19 June 2008
Keywords:
Fiber laser
Multiple wavelength ﬁber lasers
Brillouin erbium ﬁber laser92/$ - see front matter & 2008 Published by
016/j.optlastec.2008.05.009
esponding author. Tel.: +60379674828; fax:
ail addresses: swharun@um.edu.my (S.W. Har
um.edu.my (H. Ahmad).a b s t r a c t
The generation of a multiple wavelength source using a bismuth-based erbium-doped ﬁber (Bi-EDF) in a
linear cavity conﬁguration is demonstrated. The conﬁguration uses a pair of optical circulators at the
input and output ends of the cavity to form a resonator for multi-wavelength generation in conjunction
with optical couplers to inject the Brillouin pump (BP) and to tap the output at the two ends. The
Brillouin erbium ﬁber laser (BEFL) comb with a 2.15m of Bi-EDF has a wavelength spacing of 0.09 nm
and operates in long-wavelength (L-) band region. A stable output laser comb of 50 lines is obtained at a
BP of 1568.2 nm and 5dBm and two 1480nm pumps at 120mW. The injected BP wavelength and power
as well as the 1480nm pump powers have a great effect on the number of lines and output power of the
BEFL. This conﬁguration is compact due to the use of the signiﬁcantly shorter Bi-EDF as the linear gain
medium, and can be made more compact by replacing the single-mode ﬁber with highly non-linear
ﬁbers such as holey ﬁbers.
& 2008 Published by Elsevier Ltd.1. Introduction
The recent demand for multi-wavelength ﬁber lasers has
increased due to their potential applications in wavelength
division multiplexing (WDM), sensors, component testing and
spectroscopy. Multi-wavelength sources have been reported and
investigated using various gain mediums such as erbium-doped
ﬁbers (EDFs) [1,2], semiconductors [3], stimulated Raman scatter-
ing [4], stimulated Brillouin scattering [5] or hybrid gain mediums
[6,7]. Fiber lasers using EDFs have been widely investigated due to
their advantages such as the higher power conversion efﬁciency
and lower threshold powers. Stimulated Brillouin scattering (SBS)
in optical ﬁbers is also an interesting phenomenon for optical
ampliﬁcation due to its low threshold power and narrow
bandwidth. Thus far, several effective methods based on the
hybrid EDF and SBS gain mediums have been proposed for multi-
wavelength ﬁber lasers [8–10].
Recently, bismuth-based EDFs have been extensively studied
for use in compact ampliﬁers with short gain medium lengths.
These ﬁbers incorporate lanthanum (La) ions to decrease the
concentration quenching of the erbium ions in the ﬁber [11],
which in turn allows the erbium ion concentration to be increased
to above 1000ppm. A ﬁber with such a high erbium dopantElsevier Ltd.
+60379674290.
un),concentration is expected to have enormous potentials in realizing
compact EDFAs and EDFA-based devices. In our previous works,
we have demonstrated a multi-wavelength source using a hybrid
Brillouin erbium-doped ﬁber laser (BEFL) with a bismuth-based
EDF in both a ring and linear cavity conﬁguration [12,13], with the
linear cavity BEFL exhibiting a lower threshold power compared
with the ring conﬁguration. In this paper, a newmulti-wavelength
BEFL conﬁguration based on linear cavity is proposed to increase
the number of Stokes and anti-Stokes. This BEFL incorporates an
optical circulator at both ends to form a linear cavity for multi-
wavelength light generation. Compared with the previous linear
cavity BEFL [13], this conﬁguration is designed to have a lower
cavity loss by injecting (tapping) a Brillouin pump (BP) (output)
from the side of the cavity.2. Experimental set-up
The conﬁguration of the proposed BEFL is shown in Fig. 1. It
consists of a short bismuth-based EDF (Bi-EDF) approximately
2.15m in length with an erbium concentration of 3250ppm and a
cut-off wavelength of 1440nm as well as a pump absorption rate
of 83dBm at 1480nm. The ﬁber is manufactured by Asahi Glass in
Japan and is supplied with angled AC/PC connectors. The bismuth-
based ﬁber is connected to the single-mode ﬁber (SMF) and is
pumped bi-directionally using two 1480nm lasers. A SMF of
25km in length is used as a non-linear gain medium and WDM
ARTICLE IN PRESS
OSA TLS
C1 C2
5%
95%
1480nm 1480nm
Port A
Port B
SMF 25 km Bi-EDF 2.15m
Pump1 Pump2
OC1 OC2
1
2
3
32
1
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S. Shahi et al. / Optics & Laser Technology 41 (2009) 198–201 199coupler is used to combine the pump and laser wavelengths. An
external cavity tunable-laser source (TLS) with the maximum
power of 8 dBm is used as the BP. Two optical circulators, OC1 and
OC2, are used to create ring cavities that are placed at both ends to
act as reﬂectors. The coupler C1 is used to inject the signal BP form
the TLS and C2 is used to tap the output signal for the optical
spectrum analyzer (OSA).
The BP is injected into the linear cavity via C2 and is then
ampliﬁed by the bi-directionally pumped Bi-EDF. The ampliﬁed
BP is then coupled into the SMF to generate the ﬁrst Stokes signal
propagating in the opposite direction of the BP signal. The Stokes
signal is then ampliﬁed by the bismuth-based EDF (Bi-EDF)
ampliﬁer before being re-circulated by the OC2 ring cavity back
towards the SMF. The 1st Stokes then travels towards OC1 where
it is tapped by the coupler C1 for viewing at the OSA. As it travels,
the 1st Stokes will also generate the 2nd Stokes in the SMF, which
will also travel towards OC1 and be re-circulated into the system,
much like the 1st Stokes. This generation process continues as the
incoming Stokes exceeds the threshold values for Brillouin gain,
thereby providing cascaded Brillouin Stokes. The number of
Stokes generated depends on the total gain of the Brillouin/
Bi-EDF ampliﬁer over the cavity loss. The output of the linear
cavity BEFL is tapped from the 5% port of C1 at OC1 and
characterized by an OSA with a resolution of 0.015nm. The
linewidth of the BP signal is 15MHz, which is measured using a
heterodyne technique.-70
-60
1568.0
wavelength (nm)
50/50
1572.01568.8 1569.6 1570.4 1571.2
Fig. 3. Output spectrum of BEFL at different C2 coupling ratios. The P1, P2 and BP
powers are ﬁxed at 120mW, 120mW and 8dBm, respectively.3. Result and discussion
The operating wavelength of the BEFL is determined by the
gain of the bi-directionally pumped Bi-EDF over its cavity loss and
this covers the L-band region (1560–1600nm). The free-running
spectrum of the BEFL, which is taken without BP at a pump power
of 120mW for the two 1480nm pumps is shown Fig. 2. In the
experiment, C2 is a 99/1 coupler with the 99% output designated
as Port B. The peak wavelength is generated at the 1570nm region,
which is where the difference between the Bi-EDF gain spectrum
and cavity loss is the largest. The free-running BEFL exhibits a
peak power of approximately 30dBm with bandwidth of
approximately 3nm centered at 1570.5 nm. The chosen BEFL-
operating wavelength must be within or as close as possible to the
bandwidth of the free-running BEFL.
The impact of the coupling ratio of C2 on the number of Stokes
and anti-Stokes generated by the BEFL is depicted in Fig. 3. The
1480nm pump and BP powers are ﬁxed at 120mW and 8dBm,
respectively. The BP wavelengths are optimized to 1570.7, 1570.3
and 1568.5 nm for the coupling ratios of 50/50, 80/20 and 99/1,
respectively. The coupling ratio of C2 controls the amount of BP
power that is injected into the cavity provides the reﬂectivity of
ring 2. A higher ratio at Port B translates into a higher injected
BP power and lower reﬂectivity of OC2. As shown in Fig. 3, anincrement of the Port B ratio (50%, 80% and 99%) increases the
number of lines of the BEFL output, but reduces the peak power of
these lines. The reduction of the peak powers are due to the
reﬂectivity of the OC2 ring, which subsequently increases the
cavity loss. This also has the effect of shifting the operating
wavelength of the BEFL travels to the shorter wavelength region.
The impact of the 1480nm pump power on the number of
Stokes generated by the BEFL is depicted in Fig. 4. The BP is set at a
wavelength of 1569.0 nm, which is close to the lasing wavelength
of the free-running BEFL and the BP power is ﬁxed at 8dBm. Both
the 1480nm pump powers are varied from 60 and 120mW. Lower
pump powers will not give any Stokes due to the low EDFA gain,
and thus the minimum pump power is 60mW. At a pump power
combination of 60 and 100mW, the least number of lines are
generated as shown in Fig. 4. However, as the combination pump
power increases, the number of lines generated also increases.
This can be attributed to the increment of the erbium gain with
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Both the P1 and P2 pump powers are ﬁxed at 120mW.
S. Shahi et al. / Optics & Laser Technology 41 (2009) 198–201200increase in the pump power as this situation provides sufﬁcient
signal power for higher order Stokes signal to pump the SMF and
maintain the cascading of the Stokes into multiple Stokes. As
shown in the ﬁgure, the highest number of lines is obtained at a
pump power of 120mW. The number of lines is higher in Fig. 4(d)
as compared with that in Fig. 4(c) even though two pump power
combinations are almost similar, due to gain characteristics of the
bi-directionally pumped Bi-EDF ampliﬁer. A higher gain is
obtained if the signal is injected from the side with higher pump
power.
Fig. 5 shows the number of multi-wavelength lines as a
function of BP wavelength at different BP power. In the
experiment, the BP wavelength is varied from 1568 to 1570nm,
which is close to the lasing bandwidth of the free-running BEFL
and the BP power is varied from 3 to 8dBm. Both of the pump
powers are ﬁxed at 120mW. Below a BP power of 3dBm, the BEFL
system operates with the presence of the free-running Bi-EDF
laser cavity modes within the cascaded Stokes bandwidth.
Therefore, the experiment is not continued for BP powers below
this power since the BEFL system is observed to be working underan instable domain. The optimum BP wavelength is moving
towards longer wavelength as the BP power reduces. The
maximum multi-wavelength line of 50 is obtained at BP
wavelength of 1568.2 nm and BP power of 5dBm. As the BP
moves farther away from this wavelength (1568.2nm), less and
less Stokes and anti-Stokes lines are observed as the gain
decreases and becomes less and less sufﬁcient to support
the cascading process. If the BP is considerable far from the
lasing bandwidth of the free-running BEFL, there is no gain to
support the cascading process, and thus no Stokes lines
are observed. The number of lines increases as the BP power
increases from 3 to 8dBm as is expected when the BP power is
increased as now more Stokes can be generated before the
cascading process stops.
Fig. 6 shows the output spectrum of the multi-wavelength
BEFL at BP wavelength of 1568.2nm and a BP power of 5dBm. In
this experiment, 50 multi-wavelength lines are obtained at the
maximum pump power of 120mW. However, a higher number of
Stokes is expected at a higher pump power. The line spacing is
approximately 0.09nm in the wavelength domain and 11GHz in
the frequency domain while the 3dB bandwidth of each line is
about 0.02nm, limited by the OSA resolution of 0.015nm. The
BEFL also generates anti-Stokes as shown in Fig. 3, especially at
the higher pump powers. The anti-Stokes signals arise from the
bi-directional operation and four-wave mixing in the SMF and
they are more obvious when the powers of the 1480nm pumps
and the BP are increased. Additionally, the power of each
subsequent Stokes lines is typically lower than that of the
previous Stokes line, as each subsequent Stokes is generated with
the energy of the previous Stokes, slightly reducing the Stokes
line’s power. However, some of the lines have a peak power, which
is higher than the previous lines as shown in Fig. 6. This is
attributed to other phenomenon such as four-wave mixing, which
will transfer energy from neighboring lines to this line. The multi-
wavelength output of the BEFL is observed to be stable at room
temperature with only minor ﬂuctuations observed coinciding
with large temperature variances.
The number of lines obtained in the proposed BEFL is higher as
compared with the previous ring cavity BEFL conﬁguration [12].
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S. Shahi et al. / Optics & Laser Technology 41 (2009) 198–201 201The linear cavity BEFL allows the lasing wavelength to passing the
Bi-EDF gain twice per one oscillation and thus increases the net
gain per oscillation. This resulted in the linear cavity BEFL to
exhibit a lower threshold power and achieves a larger number of
Stokes and anti-Stokes compared with the ring conﬁguration. The
proposed BEFL using a short-length bismuth-based EDF gain
medium will allow for the development of compact BEFL devices.
Further reductions in size can be obtained if the SMF is replaced
with highly non-linear ﬁbers such as holey ﬁbers. A holey ﬁber
with a core diameter of 1.6mmwould require less than 100m to
obtain the SBS effect desired [14].4. Conclusion
A multiple wavelength source using a Bi-EDF in a linear cavity
conﬁguration is proposed and demonstrated in this paper. The
conﬁguration uses a pair of optical circulators at both the input
and output ends of the cavity to form a resonator for multi-
wavelength generation, and also one optical coupler to inject the
BP at one end and another optical coupler to tap the output at the
other end of the linear cavity. A short length of 2.15m of Bi-EDF
together with an SMF optical ﬁber has generated the multi-
wavelength BEFL with a wavelength spacing of 0.09nm in the
L-band region. A stable output laser comb of 50 lines is obtained
at a BP of 1568.2nm and 5dBm and two 1480nm pumps at
120mW. The injected BP wavelength and power together with the
1480nm pump laser has a great effect on the number and output
peak power of the BEFL lines. Using the Bi-EDF, a compact BEFL
can be realized. With the existence of highly non-linear ﬁbers
such as holey ﬁbers, a more compact BEFL can be designed using
the proposed conﬁguration.References
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Effect of Brillouin Pump Linewidth on the 
Performance of Brillouin Fiber Lasers  
M. R. Shirazi1, S. W. Harun, M. Biglary1, K. Thambiratnam1, and H. Ahmad1 
 

Abstract— The effect of the pump linewidth on the 
performance parameters of Brillouin fiber lasers (BFLs) such as 
the linewidth, output power, and threshold, as well as the 
suitability of the BFL in measuring narrow laser linewidths is 
demonstrated. For the Brillouin pump (BP) linewidths of 15.2 
MHz and 124 MHz, BFL linewidths of 8 Hz and 24 Hz 
respectively were obtained from heterodyne beat signals. Due to 
the BFL linewidth decrease, the corresponding BFL threshold 
also decreases, resulting in the BFL power for the BFL linewidth 
of 8 Hz being 9.7 dBm higher than the power of the BFL 
linewidth of 24 Hz at the same BP power of 14.3 dBm in a pure 
silica single-mode fiber. These results demonstrate ultra-narrow 
BFL linewidths and the role of the narrow BP linewidth in the 
development of high performance BFLs. 
  
    Index Terms—Brillouin scattering, fiber laser, linewidth, 
BFL 
 
I. INTRODUCTION 
timulated Brillouin Scattering (SBS) is a nonlinear effect 
that results from the interactions between the intense pump 
light and acoustic waves in a single-mode fiber (SMF), 
subsequently giving rise to backward propagating frequency-
downshifted light [1]. The thermally excited acoustic waves 
generate an index grating that co-propagates with the pump at 
the acoustic velocity in the SMF. This moving grating reflects 
the pump light and causes the backscattered light to 
experience a downshift in the frequency as a result of Doppler 
Effect. The shift in frequency with respect to the pump is 
given by BS = (2VA / c) P, where VA is the acoustic velocity 
in the fiber and P is the optical frequency of the pump beam. 
The frequency shift in the 1550 nm region is approximately 10 
GHz (0.08 nm). Although SBS generation can be detrimental 
in coherent optical communication systems [2], it does serve 
useful purposes, for instance in producing Brillouin fiber 
lasers (BFL) [3]. BFLs are highly coherent light sources and 
have generated increasing interest for a number of 
applications such as gyroscopes and sensors due to their 
extremely narrow linewidths [4].  
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In this paper, the effect of the pump linewidth on the 
performance of the BFL is demonstrated after measuring the 
narrow and wide Brillouin pump linewidths. The output 
power, linewidth, and threshold of the BFL are compared for 
the two different Brillouin pump linewidths.  
 
II. EXPERIMENTAL SETUP 
The experimental setup is shown in Fig. 1 with a coupler 
and a long single-mode fiber (SMF) acting as a resonator. The 
BFL is pumped by an external cavity tunable laser source 
(TLS) which is amplified by an erbium-doped fiber amplifier. 
The maximum power of the amplified Brillouin pump (BP) is 
approximately 14.3 dBm. The BP is injected into the resonator 
from port 1 through port 2 of the optical circulator in a 
clockwise direction. The generated backward-propagating 
SBS oscillates inside the resonator in an anti-clockwise 
direction to generate the backward BFL, which is coupled out 
via a 3-dB coupler. From port 2, the BFL is then routed into 
an optical spectrum analyzer (OSA) through port 3 of the 
optical circulator. The SMF used in the experiment is 25 km 
in length and has a cut-off wavelength of 1161 nm with a zero 
dispersion wavelength of 1315 nm and a mode field diameter 
of 9.36 m. The output laser is characterized using an OSA 
with a resolution of 0.015 nm while the linewidth of the laser 
is measured using an optical spectrum analyzer and the 
heterodyne beat technique [5]. 
 
 
 
 
                                                                                               
 
 
 Fig. 1:  Experimental set up 
 
III. RESULTS AND DISCUSSION  
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simultaneous lines: anti-Stokes at approximately 1549.9 nm, 
BP reflections at 1550 nm and BFL lines at around 1550.1 nm 
so that the Brillouin shift is approximately 0.086 nm. The anti-
Stokes signal is observed at a shorter wavelength due to four-
wave mixing between the BP and Stokes line. Although the 
anti-Stokes power remains almost unchanged, the powers of 
the BP reflections and BFL lines increase as the BP power 
increases due to Brillouin induced crosstalk between the lines 
[6]. With the BP wide linewidth setting, the BFL power is 
relatively lower as compared to the BP narrow linewidth 
setting as depicted in Fig. 2. 
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Fig. 2: The BFL output spectrum for different BP linewidths ( 15 MHz and 
124 MHz ) at BP power 4.5 dBm. 
 
   The maximum BFL power as shown in Fig. 3 is obtained  
8.5 dBm using the BP narrow linewidth setting (15 MHz) at 
the BP power of 14.3 dBm, which is 9.7 dB higher than the 
maximum BFL power obtained using the BP wide linewidth 
setting (124 MHz) at the same BP power. Thus the pump 
conversion efficiency increases from 2.82% to 26.3% by 
changing the BP linewidth from wide to narrow. 
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Fig. 3: The BFL output spectrum for different BP linewidths ( 15 MHz and 
124 MHz ) at a BP power of 14.3 dBm. 
    In the BP linewidth measurement, we use a 3-dB coupler to 
obtain the heterodyne beat frequency between the pump and 
the narrow BFL generated by the narrow linewidth pump 
setting. In accordance with the theory [7], this approximation 
is allowed for as the BFL linewidth is ignorable in comparison 
to the BP linewidth. While the powers of the pump and the 
BFL are the same, their frequencies are slightly different. The 
heterodyne beat spectrum between the pump and the BFL is 
shown in Fig. 4 for the narrow and wide linewidth pump 
settings. The pump  linewidths are obtained at 15 MHz and 
124 MHz. 
 
(a) 
  
 
 
(b) 
                  
 
Fig. 4: Heterodyne beat spectra between the narrow BFL and the BP at (a) 
narrow (15 MHz) and (b) wide (124 MHz) BP linewidth settings. 
 
     
 
 
In order to obtain BFL linewidth, two similar but independent 
BFL configurations are used to generate the heterodyne beat 
spectum in the 3-dB coupler. As before, the two BFLs have 
the same power but slightly different frequencies. Fig. 5 
shows the heterodyne beat spectra of the two BFLs generated 
by the two different BP linewidths at 15 MHz and 124 MHz 
with measured BFL linewidths of 8 Hz and 24 Hz 
respectively. 
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(a) 
   
 
(b) 
 
 
 
Fig.  5: Heterodyne beat spectra between the two similar independent    
BFLs generated by the BP linewidths (a) 15 MHz and (b) 124 MHz. 
   
    
 
 Finally, Fig. 6 shows the BFL power against the BP power at 
the BP linewidths of 15 MHz and 124 MHz respectively. As 
shown in Fig. 5, the narrow linewidth contributes to the higher 
output power of the BFL and the lower BFL operation 
threshold. In the low–BP power range, BFL power for both 
BP linewidths 15 MHz and 124 MHz increase linearly as BP 
power increases. However, as the power exceeds a given 
critical power, the BFL power rapidly increases. The slope of 
the graph is measured to be about to 1.24 and 1.21 before the 
critical power levels, and also having approximately same 
values after the levels for the BFL linewidths 15 MHz and 124 
MHz, respectively. The SBS threshold power is defined the 
BP power at this critical power level, therefore, the SBS 
thresholds, and so the BFL thresholds are observed at 
approximately 2 dBm and 11 dBm at BP linewidths of 15 
MHz and 124 MHz respectively.  
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Fig. 6:  BFL peak power as a function of BP power at different BP linewidths. 
 
IV. CONCLUSION            
The effect of the BP linewidth on the power, linewidth, and 
threshold of the BFL are demonstrated. At BP powers of 14.3 
dBm, the BFL power of 8.5 dBm is obtained at the BP 
linewidth 15 MHz which is 9.7 dB higher as compared to the 
BFL power at a BP linewidth of 124 MHz. The measured 
ultra-narrow BFL linewidths revealed 24 Hz and 8 Hz as the 
BP linewidth is changed from 124 MHz to 15 MHz and the 
corresponding BFL threshold is decreased from approximately 
11 dBm to 2 dBm. Thus, these results show ultra-narrow BFL 
linewidths and how the narrowing of the BP linewidth 
improves the performances of the BFL output. 
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The effects of backward, forward, and bidirectional Raman pumping schemes on stimulated Brillouin
scattering (SBS) is investigated in this study. By using a linear cavity, we utilize residual Brillouin pump
(BP) and Raman pump (RP) power after each transmission through a 25km single-mode fiber (SMF) used
as a gain medium. The SBS threshold power is reduced in the forward, backward, and bidirectional
Raman pumping schemes by 2.5, 1.75, and 2:75dB, respectively when the 1480nm RP power is fixed
at 150mW and the BP wavelength is 1580nm. Surprisingly, it is revealed that the SBS threshold re-
duction depends strongly and solely on Raman gain and it is independent of the Raman pumping
schemes. In addition, the effect of Raman amplification on SBS is more effective at the SBS threshold,
especially in the bidirectional and forward schemes. © 2008 Optical Society of America
OCIS codes: 290.5900, 290.5860, 060.2320.
Raman and Brillouin scattering are inelastic
processes in which part of the optical wave power
is absorbed by the transmission medium while the
remaining energy is reemitted as a wave (Stokes
wave) with a down-shifted frequency called a
Stokes shift. The growth of Brillouin and Raman
Stokes waves is governed by the Brillouin-gain gB
and the Raman-gain gR. For silica fibers, the peak
values of gB and gR are about gB ¼ 6 × 10−11m=W
and gR ¼ 7 × 10−14m=W and occur for the Brillouin
and Raman Stokes shifts by about 13THz and
10GHz, respectively. In addition, stimulated Bril-
louin scattering (SBS) and stimulated Raman scat-
tering (SRS) have threshold pump powers above
which pump power transfer to the Stokes wave
increases rapidly [1]. For signal transmission in
optical fibers, SBS limits the launched power to a
few milliwatts because of its low threshold in com-
parison to SRS [2]. However, SBS has been advanta-
geously utilized in the past few years for some
applications, such as Brillouin fiber lasers [3,4].
The effect of SBS on the properties of Raman ampli-
fiers has been studied in previous works [5]. These
studies show that SBS causes saturation of Raman
gain with forward or copropagating Raman pumping,
where the Raman pump (RP) light is injected in the
same direction as the signal under amplification.
Although forward pumping is used in some Raman
amplification schemes, the most common type of
Raman amplifiers currently in use for relative-
intensity noise relies on backward or counterpropa-
gating Raman pumping in which the RP travels in
the opposite direction of the signal [6]. It has been
indicated that by means of multiwavelength Raman
pumping, it is possible to achieve flattening of Raman
gain and broadening of Raman amplification band-
width even with backward pumping. However, it
has also been reported thatwithout the use of forward
Raman amplification, flattening of noise figure can-
not be realized. This results in what is known as bi-
directional Raman amplification where the forward
and backward Raman pumping operates simulta-
neously [7]. For further explanation of RP schemes
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and details of definitions, the reader may also refer to
Ref. [8]. There are still some debates on the advan-
tages of either forward or backward Raman pumping
schemes [9]. Since SRS and SBS are third order non-
linear optical effects, factors that increase Raman
gain also facilitate in the generation of SBS [10].
Therefore, when using optical fibers such as disper-
sion compensating fibers (DCFs) where the effective
area of the fiber core is small and the Raman gain
is high in comparison with the standard SMFs,
SBS readily occurs. To suppress SBS generation,
we have to keep the light intensity below the SBS
threshold power, or broaden the Brillouin pump line-
width [10,11]. The effect of Raman amplification on
SBS threshold power has only been studied in back-
ward or forward Raman pumping using different
fibers [12,13].
In this work, the effects of the backward, forward,
and bidirectional Raman pumping on SBS perfor-
mance in a linear cavity are studied. We use a linear
cavity to utilize residual Brillouin pump (BP) and RP
power after each transmission through a 25km SMF
(gain medium). The results show that the reduction
in SBS threshold power is interestingly related lin-
early to Raman gain, and this relationship is inde-
pendent of Raman pumping schemes. In addition,
Raman gain effect on the SBS is highly increased
around the threshold especially in forward and bi-
directional Raman pumping.
Figure 1 shows the experimental setup, where a
25km SMF used as a gain medium located between
Ports 2 of the two optical circulators (OC1 and OC2)
to form a linear cavity. A (2 × 2) 1=99 coupler located
between Port 3 and Port 1 of OC1 helps to inject BP
into the cavity, to send a feedback signal, and at the
same time, to extract part of the output. TheBPsignal
is performed using an external cavity tunable laser
source (TLS) amplified by an erbium-doped fiber am-
plifier (EDFA) to obtain the maximum power of
12dBm at 1580nm wavelength with a 15MHz
linewidth.Thegeneratedbackward-propagatingBril-
louin Stokes and the transmitted BP signal reflected
by OC2 are coupled from Port 2 to 3 in the circulator
OC1 and 99% of that signal is reinjected back into the
system by the coupler. Wavelength-division multi-
plexing couplersWDM1andWDM2areused simulta-
neously to inject Ramanpump light into the system in
bidirectional Raman amplification. However, to de-
crease loss in the cavity for forward Raman pumping,
we remove WDM2 in the setup and connect Port 3 to
the Port 1 of OC2. Similarly, WDM1 is removed
for backward Raman pumping and BP is injected di-
rectly into the cavity through the 1=99 coupler. The
SMF has a cutoff wavelength of 1161nm with a zero
dispersion wavelength of 1315nm, a mode field dia-
meter of 9:36 μm, and an attenuation coefficient of
0:19dB=km at 1580nm. The backward-propagating
SBS is coupledoutvia the couplerand is characterized
using an optical spectrumanalyzer (OSA)with a reso-
lution of 0:015nm. WDM3 is incorporated in front of
the OSA to suppress the residual Raman pump light
in the output. In addition, anOSA is used in the setup
instead of a power meter to avoid additional noises
during measurement. Errors can originate from the
measuring instruments, i.e., TLS, OSA in the setup,
and the power meter used to measure the power at
1480nm, each with, respectively, 0.05, 0,05, and
0:01dB of optical powermeasurement error. The total
error is calculated using the following equation [14]:
Total error ¼ 2
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXU2
3
s
;
where U is the error or uncertainty of each individual
instrument. For the current setup, the total error in
our measurement is about 0:08dBm.
Figure 2 shows the output Brillouin Stokes
peak power and the transmitted BP peak power
against the input signal BP power, with and
without 1480nm RPs, in various pumping schemes.
Figures 2(a)–2(c) represent backward, forward, and
bidirectional Raman pumping, respectively. Before
the transmitted BP power starts to saturate quickly
around −5dBm in the schemes, the output power of
the SBS increases in accordance with the increase
of theBPpower. The SBS threshold power, PSBS, is de-
fined as an input BP power at which the transmitted
BP peak power equals the output peak power of the
SBS [15]. To decrease loss, we remove WDM2 and
Fig. 1. Experimental setup for bidirectional Raman pumping. To decrease loss,WDM2 andWDM1 are removed from the configuration for
forward and backward Raman pumping, respectively.
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WDM1 from the configuration for forward and back-
ward Raman pumping, respectively. Therefore, when
the RP power is off, we have different SBS threshold
powers, i.e., 5.25, 5.6, and 6:75dBm, due to different
losses for backward, forward, and bidirectional
schemes, respectively. In the experiment, the RP
power is varied from 0 to 150mW. It should also be
noted that the SBS threshold power decreases as
the RP power is increased.
The SBS threshold reduction, ΔSBS induced by
Raman pumping, is examined and compared for dif-
ferent pumping schemes. It is at a maximum with
the bidirectional Raman pumping scheme and at a
minimum with the backward. It is also proportional
to theRPpower, as shown inFig. 2. TheSBSthreshold
power is reduced by 1.75, 2.5, and 2:75dB in back-
ward, forward, and bidirectional schemes, respec-
tively, by the same 150mW RP power at 1480nm
and a BP wavelength of 1580nm. To further investi-
gate the effect of Raman pumping on SBS, we define
the Raman on–off gain (gain on–off) on the peak
power of Brillouin Stokes as the increase in Brillouin
Stokes peak power when Raman pumping operates.
From Fig. 2, the gain can be measured easily for a
given Brillouin pump power with RP power, I ¼
75mW and I ¼ 150mW relative to I ¼ 0mW in the
different Raman pumping schemes [Fig. 3(a)]. As ex-
pected, adecrease inPSBS is observedwithan increase
in the RP power, especially in the case of the forward
and bidirectional Raman pumping schemes. Because
both SBS and SRS are related to the third order
nonlinear susceptibility, the reduction of SBS thresh-
old with an increase of the Raman pump means SBS
dominates over SRS in a competition between them.
In other words, SRS can effectively amplify Brillouin
Stokes only around the Brillouin threshold power, as
already shown in Fig. 2. Therefore, the Raman on–off
gain must have a maximum around the SBS thresh-
old. The gain starts to show saturation with the ap-
pearance of the SBS and is eliminated completely
beyond the SBS threshold power. The gain on the
SBS peak is also higher with a wider region for both
the forwardand thebidirectional pumping schemes in
comparison to the backward pumping scheme.
Finally, from Figs. 2 and 3(a), the relationship be-
tween the SBS threshold reduction and the Raman
peak gain on–off effect on the SBS threshold can
be deduced as shown in Fig. 3(b). It is interesting
that the relationship is almost linear and simple
independent of the Raman pumping schemes.
In conclusion, the reduction in the SBS threshold
power under different Ramanpumping schemes is in-
vestigated experimentally in a linear cavity with
25km SMF. The results show that SBS threshold de-
creaseswith the increase ofRaman-gain effect onSBS
and this decrease is much faster for bidirectional and
forwardpumping than for backwardpumpingdue to a
lowerRamangain on theSBS threshold. It is revealed
that the amount of SBS threshold reduction depends
strongly and solely on the gain effect on it, indepen-
dent of Raman pumping scheme.
Fig. 2. Output transmitted BP power, solid lines, and Brillouin
Stokes power, dashed lines, as a function of the input BP power
in the case of (a) backward, (b) forward, and (c) bidirectional
Raman pumping. The squares, triangles, and circles represent
the cases where RP power is 0, 75, and 150mW, respectively.
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Fig. 3. (a) shows effect of Raman on–off gain on the peak power of
Brillouin Stokes against various signal input BP and RP powers.
From Figs. 2 and 3(a), we can immediately deduce the SBS thresh-
old reduction (SBS TR) against peak Raman on–off gain effect on
the Brillouin threshold, as shown in (b). Different Raman pumping
schemes are indicated by markers, i.e., backward (circle), bidirec-
tional (triangle), and forward (square). Solid lines and solid mar-
kers represent RP power at 150mW, whereas dashed lines and
hollow markers represent RP power at 75mW.
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Abstract: A multiple wavelength Brillouin ﬁber laser (BFL) is
demonstrated using an injection of intense light at 1480 nm. The
light generates Raman gain at around 1560 nm to amplify the
Brillouin-Rayleigh backscattered light in the medium and allows
the generation of multiple lines by self-feedback-seeding effects.
Three Stokes are obtained in the BFL with the maximum power
of the ﬁrst Stokes at approximately −6 dBm from the injection
of 1480 nm light at 150 mW. The line spacing is measured to
be approximately 0.08 nm. There is no signiﬁcant change in the
power of the ﬁrst Stokes with the injection of 1480 nm light;
however the powers of additional Stokes are highest at Brillouin
pump of 1560 nm.
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Abstract: A multiple wavelength Brillouin fiber laser (BFL) is
demonstrated using an injection of intense light at 1480 nm. The
light generates Raman gain at around 1560 nm to amplify the
Brillouin-Rayleigh backscattered light in the medium and allows
the generation of multiple lines by self-feedback-seeding effects.
Three Stokes are obtained in the BFL with the maximum power
of the first Stokes at approximately −6 dBm from the injection
of 1480 nm light at 150 mW. The line spacing is measured to
be approximately 0.08 nm. There is no significant change in the
power of the first Stokes with the injection of 1480 nm light;
however the powers of additional Stokes are highest at Brillouin
pump of 1560 nm.
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1. Introduction
Stimulated Brillouin Scattering (SBS) is a nonlinear ef-
fect resulting from the interaction between intense pump
light and acoustic waves in a medium, giving rise to back-
ward propagating frequency-shifted light [1]. The ther-
mally excited acoustic waves generate an index grating
that co-propagates with the pump at the acoustic veloc-
ity in the SMF. This moving grating reflects the pump
light and causes the backscattered light to experience a
downshift in the frequency through the Doppler Effect.
The frequency shift with respect to the pump is given by
∆νBS = (2VA/c)νP , where VA is the acoustic veloc-
ity in fiber and νP is the optical frequency of the pump
beam. The frequency shift in the 1550 nm region is ap-
proximately 10 GHz, in the frequency domain or 0.08 nm
in the wavelength domain. Although SBS generation can
be detrimental in coherent optical communication systems
[2], it can also be used to produce Brillouin fiber lasers
[3–5]. BFLs have generated interest for a number of ap-
plications such as gyroscopes and sensors owing to their
extremely narrow linewidth. Linewidths of only a few kHz
are required for some of fiber optic sensors such as strain
or temperature sensors. Narrow linewidth BFLs can be
used to build distributed fiber optic sensor systems to de-
tect, locate and classify disturbances over lengths greater
than 10 km using a frequency modulated continuous wave
technique, thus providing a cost effective security system
for nuclear power plants and military bases as well as
oil and gas pipeline integrity monitoring systems, and na-
tional border intrusion detection systems [6].
Multi-wavelength fiber lasers have been a topic of ex-
tensive study over the past decade with their potential
application in optical communications, sensors and tera-
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hertz frequency generation. They can be obtained through
a number of approaches such as ASE slicing [7] and
Brillouin/Erbium fiber lasers (BEFL) [8–10]. The BE-
FLs use erbium ion amplification in conjunction with a
feedback loop to assist a cascading process for multi-
wavelength operation. In this letter, a multi-wavelength
Brillouin fiber laser (BFL) is demonstrated without any
kind of re-injection port or ring structure and erbium-
doped fiber. The BFL utilizes Raman gain from the injec-
tion of intense light at 1480 nm to assist in the generation
of multi Stokes lines without the need for complex struc-
tures.
2. Experimental setup
The experimental setup for the multiple wavelength BFL
is shown in Fig. 1. The resonator consists of a 3 dB cou-
pler and a 25 km long single mode fiber (SMF) as the gain
medium. The SMF has a cut-off wavelength of 1161 nm,
zero dispersion wavelength of 1315 nm and a mode field
diameter of 9.36 µm. The BFL is pumped by an exter-
nal cavity tunable laser source (TLS) with a linewidth of
approximately 20 MHz and a maximum power of approx-
imately 5.5 dBm. A 1480/1550 nm wavelength division
multiplexing (WDM) coupler is used to inject the 1480 nm
intense light from laser diode into the system to assist the
cascading process. The power of the 1480 nm laser diode
is fixed at 150 mW.
The Brillouin pump (BP) is sent through the WDM
coupler (which is also used to inject the 1480 nm intense
light) and the optical circulator to generate backward-
propagating Stimulated Brillouin Scattering (SBS). The
backward-propagating SBS oscillates inside the loop of
the 3 dB coupler to generate the Brillouin Stokes. The
Stokes power is amplified by Raman gain through the in-
jection of 1480 nm intense light to assists in the cascading
process to generate a multiple line BFL. The laser output
is characterized using an optical spectrum analyzer (OSA)
which is located at port 3 of the optical circulator.
3. Results and discussion
Fig. 2 compares the output spectrum with and without the
injection of intense light at 1480 nm. Without 1480 nm
injection, a 5.5 dBm BP produces one Brillouin Stokes
with −6 dBm peak power. In spite of the fact that the
threshold of first-order SBS in a SMF is very low, the
generation of second order SBS is not usually achieved.
There are two factors that make the cascading process in
SMF is ineffective. Firstly, as the pump power increases
above the first-order threshold, the SBS power distribu-
tion inside the fiber becomes increasingly concentrated
near the input of the fiber, subsequently decreasing the
fiber length available for the SBS interaction. Secondly,
in contrast to the first-order SBS process which is initi-
ated using a monochromatic pump, the second-order SBS
1480 nm
laser diode
BP
1480/1550 nm
WDM
Optical
circulator 3 dB
coupler
SMF 25 kmOSA
Port 1 Port 2
Port 3
Figure 1 Experimental setup
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Figure 2 (online color at www.lphys.org) Comparison of BFL
output spectrum with and without the 1480 nm light injection
is pumped by first-order Stokes radiation that is essentially
non-monochromatic: its spectrum is only about 4 times
narrower than the SBS gain spectrum in the fiber [11]. The
situation however becomes very different in the presence
of feedback to the SBS process as the feedback can cause
considerable narrowing in the first-order SBS spectrum.
Therefore, second-order SBS generation is commonly ob-
served with the feedback [12].
As the 1480 nm power is injected, second and third
Stokes lines are generated with no significant changes in
the output power of the first Stokes as shown in Fig. 2.
The first Stokes generates the second Stokes of Brillouin
laser in the opposite direction, which is amplified by the
Raman gain with the 1480 nm light injection. The sec-
ond line from the peak in Fig. 2 is the amplified Rayleigh
backscattered light from the second Stokes. The second
Stokes also generates a third Brillouin Stokes in a direction
similar to the first Stokes as shown in Fig. 2. The amplified
Brillouin-Rayleigh backscattered light in the medium pro-
vides self feedback-seeding effects for generation of the
multiple lines BFL. This feedback provides very effective
linewidth narrowing of the laser radiation creating the con-
ditions required for SBS.
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Fig. 3 shows the BFL output spectrum at different BP
wavelengths. The BP and 1480 nm laser powers are fixed
at 5.5 dBm and 150 mW respectively. There are no signifi-
cant changes in power of the first Stokes as shown in Fig. 3.
However, the powers of higher-order Stokes are seen to be
highest at a wavelength of 1560 nm. This is attributed to
the cavity loss which is lowest at this wavelength, making
the Rayleigh scattering and Raman gain more pronounced
at this wavelength. The number of Stokes is expected to
be higher if the 1480 nm pump power is higher. The spac-
ing between the lines is approximately 0.08 nm, as mea-
sured by an optical spectrum analyzer with a 0.015 nm res-
olution. Anti-Stokes lines are also generated through four-
wave mixing between the Brillouin pump and Stokes line
as shown in Fig. 2 and Fig. 3.
4. Conclusion
We demonstrate that the generation of multiple Stokes in
the BFL can arise through an injection of 1480 nm intense
light. The light amplifies Brillouin-Rayleigh backscatter-
ing Stokes in the medium to provide self-feedback seed-
ing effects. Three Stokes were obtained in the BFL with
the injection of 1480 nm intense light at 150 mW. The line
spacing is measured to be approximately 0.08 nm. The first
Stokes power obtained is approximately−6 dBm and does
not change with the injection of 1480 nm light. However,
the powers of additional Stokes are highest at a Brillouin
pump of 1560 nm.
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